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PERSPECTIVE 
 
    A sound wave is the wave that dynamic oscillation transmits through a medium. It 
is usually said that audible frequency is from about 20 to 20 kHz. The sound wave with 
the higher frequency than the audible one is called ultrasonic wave. The ultrasonic 
frequency range in this thesis extends from about 0.8 to 95 MHz. It is well known that 
sound wave is a compressional wave. In addition, propagation of an ultrasonic wave 
through a medium takes place adiabatically except at very high frequencies above 100 
THz, which is far beyond the measurement frequency range.  
    When a sound wave passes through a liquid in which a molecular equilibrium 
exists, a sound attenuation or absorption is brought about by several factors. Since 
shearing motion occurs in any plane progressive compressional wave, sound energy 
absorption is attributed to viscosity. Additionally, since all liquids are thermally 
conductive to some extent, heat will flow from a hotter to a colder region; thus, there are 
energy losses from the compressional wave. Although the sound wave is almost 
completely adiabatic, the contribution of thermal conductivity to the total sound 
absorption is negligibly small. The two combined effects of viscosity and thermal 
conductivity are called “classical absorption”. Another contribution to the sound 
absorption is called “relaxational (nonclassical) absorption” that involves sound energy 
consumption in perturbing a chemical or physical equilibrium that is sensitive to either 
pressure or temperature. At this moment, it is the relaxational absorption that should be 
particularly concentrated because this portion yields kinetic information about a rapid 
equilibrium being perturbed by a sound wave. 
    In the present thesis, ultrasonic absorption method is applied to reveal dynamic 
properties for fast reaction in solvent water, that is, host-guest complexation reaction 
between cyclodextrins and organic guest molecule. Additionally, the proton-transfer 
reaction of carboxylic acid is studied. In Chapter I, the basic theoretical ideas are 
introduced to derive useful equations in order to investigate a fast reaction kinetically 
and thermodynamically. In Chapter II, the experimental results and analysis are shown. 
Molecular recognition kinetics by cyclodextrin in water is discussed. The associated 
study concerning the complexation reaction with cyclodextrins is shown in Chapter III; 
the study of threading process between cyclodextrin and polymer by optical absorbance 
measurement. 
 
 
 
 1
CHAPTER I 
Theoretical Concepts of Sound Wave 
 
1. Acoustics 
 
1-1 Propagation of sound wave 
 
A sound wave is a series of compressions and rarefactions pressure wave and it is 
transmitted by a medium; cannot pass though a vacuum. Therefore, when we consider 
the propagation of sound, the displacement of materials should be taken into account. 
From an elementary view, the sound wave travels along a tube in which particles of a 
material exist between the equilibrium position of x and x + δx shown in Fig. 1. 
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The displacement, ξ, occurs parallel to the direction of the traveling sound wave. When 
one-dimensional strain is considered to be caused by the sound pressure wave, the 
position is changed from x + ξ to x + ξ + {∂(x + ξ)/∂x}δx, where it can also be 
considered that the region of a material is changed from δx to {1 + (∂ξ/∂x)}δx. The term, 
∂ξ/∂x, is called the strain. 
    All the material consists of particle, therefore, the density of the material changes 
depending on the strain, ∂ξ/∂x. If an original density is expressed by ρ0 and a density 
strained by pressure sound wave is ρ, then ρ can be expressed as,  
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Equation (1-1) is called equation of continuity. This equation expresses that as the two 
planes move apart, the density decreases. The mass of the material is not changed even 
though the deformation in volume is caused by pressure wave. 
    Next, Newton’s second law of motion is applied to the element δx. As the 
displacement is ξ, the acceleration, α, is ∂2ξ/∂x2. We take the force acting on position x 
as F. It is assumed that the force, F, varies linearly with δx of which the slope is ∂F/∂x, 
thus, the pressure acting on the position x + δx is F + (∂F/∂x)δx. These different forces 
accelerate the mass of material. The net force in δx is 
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As the model is one-dimensional, m = ρδx, and it is substituted into the above equation, 
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The equation of continuity (1-1) is differentiated with respect to x to yield 
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Equation (1-5) is substituted into (1-4), 
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When the equation (1-6) is extended to three-dimensional one,  
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Adiabatic compressibility is defined as 
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Volume, V, can be expressed as V = m / ρ. It is differentiated with respect to P, and then 
we have next relation, 
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Applying above relation to (1-7), we have next equations 
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then, 
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Equation (1-8) can be used for (1-6)’ under adiabatic (entropy constant) condition, 
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If the pressure producing the above displacement is part of a continuous traveling 
pressure wave, the displacement, ξ, and velocity of the wave, c, are related by the next 
wave equation 
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Comparison of equations (1-9) and (1-10) under the assumption, ρ ≈ ρ0, shows that 
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This is called Laplace equation. Thus, the velocity depends only on κS and ρ. Generally, 
ρ0 obtained statically is used because ρ ≈ ρ0. 
 
Next, it is shown that a sound wave transmits adiabatically. In the case of sound 
wave, there are temperature increased region and decreased one, which are apart half 
wavelength away. Thermal conduction may happen from increased part to decreased 
one. It takes a certain time for the thermal conduction; let the needed time be t. When 
 5
half cycle, T / 2, time passes, raised temperature and lower temperature region inverts. 
Thus, if t > T / 2, thermal conduction can not occur, which means sound wave travels 
adiabatically. According to the thermal conduction theory, 
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where d is the transmission distance, C is the heat capacity, and κ is the thermal 
conductivity. In the case of sound wave with 1 MHz frequency in water, d = λ / 2 = 0.7 
mm. By using the value of ρ, C, and κ for water, t can be calculated to be 3.5 × 10-2 s. 
On the other hand, T / 2 = 0.5 × 10-6 s for the sound wave with 1 MHz frequency. 
Therefore, it is clear that t » T / 2, which satisfies the condition that sound wave 
transmits adiabatically. 
 
1-2 State equation and compressibility 
 
    As a sound wave transmits adiabatically in ideal gas, equation (1-7) is hold. In 
dilute gas which can be regarded as an ideal gas at adiabatic process, 
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where Cp and Cv are heat capacity at constant pressure and volume respectively, and γ = 
Cp / Cv. Equation (1-13) is differentiated with respect to pressure, P, 
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Comparing with (1-7), 
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where R is the gas constant, T is the absolute temperature, and M the molecular weight. 
Therefore, the value R is obtainable by using c value. 
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1-3 Wave motion and sound absorption 
 
    The solution of wave equation, (1-10), is well known to yield Equation (1-15) for 
the case of sinusoidal motion, 
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The displacement at point O, y0 = Asin2π (t / T), where t is time and
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The logarithmic notation of relative level in sound amplitude are usually used as 
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It follows therefore 1 dB = 8.686 neper since log x = ln x / ln 10 = ln x / 2.303. The 
sound absorption coefficient, α, has dimension of dB / length and is usually expressed in 
m-1. 
    In a real system accompanying attenuation, the solution of (1-10) can be given as 
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When (1-20) is differentiated with respect to x and t, 
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Equations (1-21) and (1-22) are substituted into (1-10), 
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Thus, adiabatic compressibility can be divided into real and imaginary parts (∴κS = κreal 
+ iκimg). It is called complex compressibility. 
 
2. Extent of reaction and compressibility 
 
2-1 Chemical reaction and relaxation equation 
 
    The propagation of a sound wave through a medium causes pressure change, which 
can be responsible to a volume change of a system. The material displacement makes 
the cause of sound absorption due to a viscosity or a thermal conduction. In addition, an 
extent of reaction (a progression of reaction) is changed by a perturbation of chemical 
equilibrium existing in solution. 
 
    One way for the system to respond to the perturbation involves chemical reaction. 
Consider the following reaction, 
 
                   LL +++→+++ rRqQpPcCbBaA                (2-1) 
 
where lower cases such as a, b, are the stoichiometric coefficients relating to the 
reactants A, B, ···, and p, q, are those to the products P, Q, ···. The extent of reaction, ξ, 
is defined as 
 
                                 ,
i
i
υ
dn
ξ =                           (2-2) 
 
where dni is the difference of number of moles for species i from equilibrium ones and 
υi is the stoichiometric coefficient for reactants that is positive for products and negative 
for reactants. We can express the variables of i species as one variable by using ξ. For 
example, 
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The strength to shift to a new equilibrium state after a perturbation of (2-1) is called 
chemical affinity, A, and is defined as 
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where dξ = ξ – ξeq ≈ ξ, and µ is chemical potential expressed as, µi = µ° + RTlnxA (µ° is a 
chemical potential in standard state of a given species i in a closed system). When A ⇌ B, 
∆G° = µA° - µB° = RTln(xA / xB), where xi is the mole fraction. 
The rate of change to a new equilibrium (time dependence of ξ) is considered to be 
proportional to the affinity, A. The driving force behind the spontaneous change is the 
affinity, A, i.e. A → 0, as 
 
                               ,LA
t
ξ =∂
∂                            (2-4) 
 
where L is phenomenological coefficient. Provided the system is only slightly displaced 
from equilibrium. In principle, it is assumed for a relaxation that the rate of increase ∂ξ / 
∂t is proportional to the difference between the values of ξ at an instant and the final 
value ξeq, which is the equilibrium value of ξ. Thus, 
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(2-5) is called relaxation equation, where τ is relaxation time. If the initial value of ξ at t 
= 0 is denoted as ξ(0), then integration of (2-5) gives 
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Let the final value of ξ as ξeq taken to be zero, then 
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It is seen that the relaxation time, τ, is the time in which ξ decreases to 1/e times its 
original value ξ(0). 
 
    Since the displacement from the equilibrium is quite small, it is possible to expand 
the affinity, A, in the vicinity of the equilibrium point. A = A(S, P, ξ), and then total 
differential is 
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where dS = S – Seq, dP = P – Peq, and dξ = ξ – ξeq. As is shown that sound wave 
transmits adiabatically by using (1-12), dS = 0. Thus, 
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,,
ξd
ξ
AdP
P
AA
PSξS
⎟⎠
⎞⎜⎝
⎛
∂
∂+⎟⎠
⎞⎜⎝
⎛
∂
∂=                   (2-8)’ 
 
Substitution (2-8)’ into (2-4) gives 
 
                      .
,,
ξd
ξ
ALdP
P
AL
t
ξ
PSξS
⎟⎠
⎞⎜⎝
⎛
∂
∂+⎟⎠
⎞⎜⎝
⎛
∂
∂=∂
∂                  (2-9) 
 
Here, the next relation is defined: -1 / τS,P = L(∂A / ∂ξ)S,P. This comes from equating of 
relaxation equation (2-5) with (2-9) under the condition, dP = 0. Then, (2-9) goes to 
 
                      .11
,
,
,
,
ξd
τ
dP
ξ
A
P
A
τt
ξ
PS
PS
ξS
PS
−
⎟⎠
⎞⎜⎝
⎛
∂
∂
⎟⎠
⎞⎜⎝
⎛
∂
∂
−=∂
∂                 (2-10) 
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The next conditions, A = const (A = 0, at equilibrium) and S = const (sound wave is 
adiabatic), are applied to (2-8) and then divided by ∂ξ, 
 
,
,,, PSASξS ξ
A
ξ
P
P
A ⎟⎠
⎞⎜⎝
⎛
∂
∂−=⎟⎠
⎞⎜⎝
⎛
∂
∂⎟⎠
⎞⎜⎝
⎛
∂
∂  
 
thus, 
 
                           .
,
,
,
AS
PS
ξS
P
ξ
ξ
A
P
A
⎟⎠
⎞⎜⎝
⎛
∂
∂−=
⎟⎠
⎞⎜⎝
⎛
∂
∂
⎟⎠
⎞⎜⎝
⎛
∂
∂
                    (2-11) 
 
Substitution of (2-11) into (2-10) gives 
 
                      .1
,, ⎪⎭
⎪⎬⎫⎪⎩
⎪⎨⎧ ⎟⎠
⎞⎜⎝
⎛
∂
∂−−=∂
∂ dP
P
ξξd
τt
ξ
ASPS
                  (2-12) 
 
(∂ξ / ∂P)S,A is pressure dependence of ξ at equilibrium state (A = 0), that is, the fraction 
of change at sufficiently low frequency region. For the purpose of reference, the next 
relation is seen in the book “Physical Acoustics”, 
 
                            .
,
,
,, ⎟⎟⎠
⎞
⎜⎜⎝
⎛=
ξP
AP
PSPT C
C
ττ                       (2-13) 
 
Hence, it can be assumed that τT,P ~ τS,P. 
    The volume of a closed system can be defined by the independent variables, S, P, 
and ξ; V = V(S, P, ξ). The volume change will be related to the adiabatic compressibility, 
κS, later. Total differential of V gives 
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                .
,,,
ξd
ξ
VdP
P
VdS
S
VdV
PSξSξP
⎟⎠
⎞⎜⎝
⎛
∂
∂+⎟⎠
⎞⎜⎝
⎛
∂
∂+⎟⎠
⎞⎜⎝
⎛
∂
∂=              (2-14) 
 
Since a sound wave travels adiabatically, dS = 0. Thus, 
 
                        ,
,,
dP
P
VdVξd
ξ
V
ξSPS
⎟⎠
⎞⎜⎝
⎛
∂
∂−=⎟⎠
⎞⎜⎝
⎛
∂
∂                (2-14)’ 
 
then 
 
                    .
,
1
, ⎪⎭
⎪⎬⎫⎪⎩
⎪⎨⎧ ⎟⎠
⎞⎜⎝
⎛
∂
∂−⎟⎠
⎞⎜⎝
⎛
∂
∂=
−
dP
P
VdV
ξ
Vξd
ξSPS
               (2-15) 
 
If the cause of a sound absorption is responsible to a chemical reaction, the extent of 
reaction, ξ, can also be expressed as (1-20), 
 
                     ( ) .expexp0 ⎟⎠
⎞⎜⎝
⎛ −−=
u
xtωixαξξ                    (2-16) 
 
Differentiation of (2-16) with respect to t gives 
 
,ωξi
t
ξ =⎟⎠
⎞⎜⎝
⎛
∂
∂  
 
which indicates ∂ / ∂t = iω. The relation is applied into (2-12) with using the relation as 
dξ = ξ – ξeq ≈ ξ, since ξeq can be regarded as zero. Thus, 
 
,1
,, ⎪⎭
⎪⎬⎫⎪⎩
⎪⎨⎧ ⎟⎠
⎞⎜⎝
⎛
∂
∂−−= dP
P
ξξd
τ
ξdωi
ASPS
 
 
then 
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                           .
1
1
,
,, dP
τ
ωi
P
ξ
τ
ξd
PS
ASPS
+
⎟⎠
⎞⎜⎝
⎛
∂
∂
=                     (2-17) 
 
(2-15) is substituted into (2-17), 
 
,
1
1
,
,,
,,
dP
τ
ωi
P
ξ
τ
ξ
VdP
P
VdV
PS
ASPS
PSξS +
⎟⎠
⎞⎜⎝
⎛
∂
∂
⎟⎠
⎞⎜⎝
⎛
∂
∂=⎟⎠
⎞⎜⎝
⎛
∂
∂−  
 
rearrangement gives 
 
             .
1
11
,
,,,,,
PS
PSASPSPSξS
τ
ωi
τP
ξ
ξ
V
τ
ωi
P
V
P
V
+
⎟⎠
⎞⎜⎝
⎛
∂
∂⎟⎠
⎞⎜⎝
⎛
∂
∂+⎟⎟⎠
⎞
⎜⎜⎝
⎛ +⎟⎠
⎞⎜⎝
⎛
∂
∂
=⎟⎠
⎞⎜⎝
⎛
∂
∂          (2-18) 
 
From (2-14)’ 
 
.
,,
⎟⎠
⎞⎜⎝
⎛
∂
∂⎟⎠
⎞⎜⎝
⎛
∂
∂+⎟⎠
⎞⎜⎝
⎛
∂
∂=⎟⎠
⎞⎜⎝
⎛
∂
∂
P
ξ
ξ
V
P
V
P
V
PSξS
 
 
If A = const and S = const (at equilibrium, adiabatic), then 
 
                    .
,,,, ξSASASPS P
V
P
V
P
ξ
ξ
V ⎟⎠
⎞⎜⎝
⎛
∂
∂−⎟⎠
⎞⎜⎝
⎛
∂
∂=⎟⎠
⎞⎜⎝
⎛
∂
∂⎟⎠
⎞⎜⎝
⎛
∂
∂              (2-19) 
 
Substitution of (2-19) into (2-18) gives 
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                      .
1,
,
,
,
+
⎟⎠
⎞⎜⎝
⎛
∂
∂+⎟⎠
⎞⎜⎝
⎛
∂
∂
=⎟⎠
⎞⎜⎝
⎛
∂
∂
PS
AS
PS
ξS
ωτi
P
Vωτi
P
V
P
V               (2-20) 
 
(2-20) can be related to compressibilities because it has (∂V / ∂P) terms. 
2-2 Complex compressibility 
 
    Two kinds of compressibility, κSA, and κSξ, are defined as 
 
                             
AS
SA P
V
V
κ
,
1 ⎟⎠
⎞⎜⎝
⎛
∂
∂−=                      (2-21) 
 
and 
 
                            .1
,ξS
ξS P
V
V
κ ⎟⎠
⎞⎜⎝
⎛
∂
∂−=                      (2-22) 
 
(2-21) is corresponding to the compressibility at which no affinity change is occurred; 
compressibility at sufficiently low frequency and hence, at equilibrium state, A = const 
or dA = 0. For this reason, this is called equilibrium adiabatic (isentropic) 
compressibility. On the other hand, (2-22) is the compressibility where no extent of 
reaction change is occurred; compressibility at sufficiently high frequency, ξ = const. 
Sometime it is called instantaneous adiabatic compressibility or “frozen value” as the 
chemical reaction can no longer follow the pressure change. On the contrary, if the 
frequency is so low, the equilibrium is continuously maintained. 
 
    (2-21) and (2-22) are combined into (2-20), 
 
.
1,
,
+
−−=⎟⎠
⎞⎜⎝
⎛
∂
∂
PS
SAPSξS
ωτi
κVωτiκV
P
V  
 
At S = const, we have next equation, 
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.
1
1
,
,
+
+=⎟⎠
⎞⎜⎝
⎛
∂
∂−=
PS
SAPSξS
S
S ωτi
κωτiκ
P
V
V
κ  
 
Dividing into real and imaginary part, 
 
                 .
1
1
1
1
2
,
2,2
,
2
2
,
2
PS
SA
ξS
SAPS
PS
PS
SA
ξS
SAS τω
κ
κ
κωτi
τω
τω
κ
κ
κκ +
−
++
+
=           (2-23) 
 
Adiabatic compressibility, κS, is also expressed in terms of (1-23), 
 
.
1
1
1
1
2111
2
,
2,2
,
2
2
,
2
2
2
2
⎟⎟
⎟⎟
⎟
⎠
⎞
⎜⎜
⎜⎜
⎜
⎝
⎛
+
−
++
+
=⎟⎠
⎞⎜⎝
⎛−⎟⎟⎠
⎞
⎜⎜⎝
⎛ −=
PS
SA
ξS
SAPS
PS
PS
SA
ξS
SAS τω
κ
κ
κωτi
τω
τω
κ
κ
κi
ωu
α
ρω
α
uρ
κ   (2-24) 
 
Comparison of the real and imaginary part of (2-24) is carried out. 
 
    From imaginary part, we obtain 
 
                        ,
12 2,
2,2
PS
SAPS τω
rκρτu
ω
α
+
−=−                  (2-25) 
 
where r is the relaxation strength as 
 
                               
SA
ξSSA
κ
κκ
r
−= .                      (2-26) 
 
The relaxation time is expressed in terms of a relaxation frequency, fr, 
 
                               .
2
1
,
r
PS fπ
τ =                         (2-27) 
 
Also since ω = 2πf, (2-25) is rearranged to give the next equation, 
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                             .
1
22
⎟⎟⎠
⎞
⎜⎜⎝
⎛+
=
r
r
SA
f
f
f
rκuπρ
f
α                       (2-28) 
 
Because the classical absorptions, B, that are constant value over the measurement 
frequency range should be included in (2-28), the above one is generally rewritten in the 
following form,  
 
                          .
1
22 B
f
f
A
f
α
r
+
⎟⎟⎠
⎞
⎜⎜⎝
⎛+
=                       (2-29) 
 
This is sound absorption equation or Debye-type relaxation equation where A is usually 
referred to as amplitude of relaxation absorption, and B is called background absorption 
that measures the contribution from other processes having much higher relaxation 
frequencies than fr in (2-29) and other sources such as shear viscosity and thermal losses. 
The quantity, α, always increases with increasing frequency. Outside a relaxation region, 
it increases as f 2; within relaxation region, the increase is less rapid. On the way of 
expressing sound absorption, α/f 2 is the most appropriate revealing of the amplitude of 
relaxation absorption. 
 
    Equating of the real parts of (2-24) gives, 
 
                      .
1
1
1
2
,
2
2
,
2
2
2
2
PS
PS
SA
ξS
SA τω
τω
κ
κ
ρκ
ω
α
u +
+
=−                  (2-30) 
 
Since κSA = 1 / ρu02 where u0 is phase velocity at sufficiently low frequency (at 
equilibrium). In the case of a sound wave, u0 can be regarded as the sound velocity, c, at 
low frequencies (i.e. under equilibrium conditions). Equation (2-30) is rearranged to 
give 
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                       .
1
1
2
,
2
2
,
2
2
2
0
2
2
2
0
PS
PS
SA
ξS
τω
τω
κ
κ
ω
uα
u
u
+
+
=−                    (2-31) 
 
Applying the next relations that ω = 2πf, and f = u / λ to (2-31), then the left term of 
(2-31) is give by 
 
                        left term ( ) .
4
1 2
2
2
2
0
⎭⎬
⎫
⎩⎨
⎧ −=
π
αλ
u
u                    (2-32) 
 
In an ordinary liquid, u0 ≈ u, and αλ is on the order of 10-3, thus, (2-32) is to be unity. 
That means that it is hard to observe the change in sound velocity, u. However, u0 is not 
close equivalent to u in a liquid near the transition point or in a concentrated polymer 
solution for examples. As α2u02 / ω2 is sufficiently small compared to u02 / u2, 
 
                          .
1
1
2
,
2
2
,
2
2
2
0
PS
PS
SA
ξS
τω
τω
κ
κ
u
u
+
+
=                       (2-32) 
 
(2-32) is arranged to give 
 
.
1
1
2
,
2
2
,
22
,
22
,
2
2
0
2
SA
ξS
PS
SA
ξS
PS
SA
ξS
PSPS
κ
κ
τω
κ
κ
τω
κ
κ
τωτω
u
u
+
−++
=  
 
Then, 
 
                      .
1 2,
2
2
,
2
2
0
2
0
2
SA
ξS
PS
PS
κ
κ
τω
rτω
uuu
+
=−                     (2-33) 
 
(2-33) is the equation for the sound velocity dispersion. If ωτS,P » 1 (i.e. f » fr), then 
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                            .20
2
0
2
ξS
SA
κ
κruuu =−                       (2-34) 
 
If ωτS,P « 1 (i.e. f « fr), then 
 
                      .
2
2
0
2
,
22
0
2
0
2 r
f
furτωuuu
r
PS ⎟⎟⎠
⎞
⎜⎜⎝
⎛==−                 (2-35) 
 
Since f « fr and r « 1, then u2 – u02 ≈ 0. 
 
Equating of imaginary parts of (2-24) reveals the frequency dependence of the sound 
absorption coefficient divided by the square of the frequency, α/f 2, as is seen in (2-28). 
From the real parts, sound velocity dispersion can be expressed in terms of (2-33). Both 
the two important equations are linked to the relaxation strength, r, and the relaxation 
frequency, fr, which characterizes the time dependence of the response by the system. 
 
    In addition, sound absorption per wavelength, µ, can be defined by 
 
                                αλµ =                             
(2-36) 
 
Since λ = u / f, the next equation is derived by using (2-28), 
 
                       .
1
22
⎟⎟⎠
⎞
⎜⎜⎝
⎛+
===
rf
f
Afu
fuf
α
f
uαµ                   (2-37) 
 
When f = fr, µ takes its maximum value. The maximum absorption per wavelength, µmax, 
is then 
 
                            .
2max
uAfµ r=                           (2-38) 
 
If u0 ≈ u, then 
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3. Relaxati
 
3-1 Relaxatio
 
    In order
ultrasonic abs
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    Relaxati
(2-26), 
 
                   .
2max
rπµ =                            (2-39) 
shape of the curves through (2-29), (2-33), and (2-37) are shown in Fig. 4.  
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e calculated curves of α/f 2, absorption per wavelength, µ, and sound 
ersion u / u0 for a single relaxation process. The conditions are: fr = 17 
× 10-15 s2m-1, B = 22 × 10-15 s2m-1, and r = 0.01, u0 = 1500 m / s. 
on strength and thermodynamics 
n strength 
 to obtain the information about the chemical process responsible to the 
orption, it is necessary to relate the macroscopic relaxation time, τS,P, and 
ength, r, to thermodynamic parameters as is seen in (2-39). 
on strength is expressed by using the definitions of (2-21), (2-22), and 
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,
,,
AS
ξSAS
SA
ξSSA
P
V
V
P
V
VP
V
V
κ
κκ
r
⎟⎠
⎞⎜⎝
⎛
∂
∂−
⎟⎠
⎞⎜⎝
⎛
∂
∂+⎟⎠
⎞⎜⎝
⎛
∂
∂−
=−=               (3-1) 
 
As is given in (2-14) that V = V(S, P, ξ), total differential of V is 
 
                  .
,,,
ξd
ξ
VdP
P
VdS
S
VdV
PSξSξP
⎟⎠
⎞⎜⎝
⎛
∂
∂+⎟⎠
⎞⎜⎝
⎛
∂
∂+⎟⎠
⎞⎜⎝
⎛
∂
∂=             (3-2) 
 
If A = const and S = const (at equilibrium, adiabatic), 
 
                   .
,,,, ASPSξSAS P
ξ
ξ
V
P
V
P
V ⎟⎠
⎞⎜⎝
⎛
∂
∂⎟⎠
⎞⎜⎝
⎛
∂
∂+⎟⎠
⎞⎜⎝
⎛
∂
∂=⎟⎠
⎞⎜⎝
⎛
∂
∂                (3-3) 
 
Then, 
 
⎪⎭
⎪⎬⎫⎪⎩
⎪⎨⎧ ⎟⎠
⎞⎜⎝
⎛
∂
∂−⎟⎠
⎞⎜⎝
⎛
∂
∂⎟⎠
⎞⎜⎝
⎛
∂
∂+⎟⎠
⎞⎜⎝
⎛
∂
∂−=−
ξSASPSξS
ξSSA P
V
P
ξ
ξ
V
P
V
V
κκ
,,,,
1  
.1
,, ASPS P
ξ
ξ
V
V
⎟⎠
⎞⎜⎝
⎛
∂
∂⎟⎠
⎞⎜⎝
⎛
∂
∂−=                            (3-4) 
 
Next conditions that T = const and P = const are applied into (3-2) gives 
 
,
,,,, PSPTξPPT ξ
V
ξ
S
S
V
ξ
V ⎟⎠
⎞⎜⎝
⎛
∂
∂+⎟⎠
⎞⎜⎝
⎛
∂
∂⎟⎠
⎞⎜⎝
⎛
∂
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⎞⎜⎝
⎛
∂
∂  
 
then, 
 
                   .
,,,, PSξPPTPS ξ
S
S
V
ξ
V
ξ
V ⎟⎠
⎞⎜⎝
⎛
∂
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⎞⎜⎝
⎛
∂
∂−⎟⎠
⎞⎜⎝
⎛
∂
∂=⎟⎠
⎞⎜⎝
⎛
∂
∂                (3-5) 
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If ξ = ξ(T, P, A), then the total differential is 
 
               .
,,,
dA
A
ξdP
P
ξdT
T
ξξd
PTATAP
⎟⎠
⎞⎜⎝
⎛
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⎞⎜⎝
⎛
∂
∂+⎟⎠
⎞⎜⎝
⎛
∂
∂=                (3-6) 
 
When A = const and S = const (at equilibrium, adiabatic), 
 
                   .
,,,, ATASAPAS P
ξ
P
T
T
ξ
P
ξ ⎟⎠
⎞⎜⎝
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⎞⎜⎝
⎛
∂
∂                (3-7) 
 
Substitutions of (3-5) and (3-7) into (3-4) gives the next relation as 
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ξ
ξ
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V
ξ
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V
κκ   (3-8) 
 
It is necessary that the three underlined terms are linked to thermodynamics. 
 
From Maxwell relation, 
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,, ξSξP P
T
S
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∂
∂                        (3-9) 
 
Euler’s chain relation is 
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S
S
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Therefore, (3-9) is arranged using (3-10) to 
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Again, next Maxwell relation is used, 
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∂                      (3-12) 
 
Combination of (3-12) into (3-11) yields 
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S
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V
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⎞⎜⎝
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∂
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⎞⎜⎝
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∂
∂=⎟⎠
⎞⎜⎝
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∂⎟⎠
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∂
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∂
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(3-13) will be derived to link with specific heat at constant pressure and extent of 
reaction, CPξ. 
 
3-2 Entropy production and affinity 
 
In second law of thermodynamics, the entropy of a system increases by virtue of 
the entropy gained from the surroundings, deS, and by virtue of the changes within the 
system, diS. Thus, the entropy change is expressed as dS = deS + diS. The entropy 
change for a closed system undergoing a reversible change at temperature, T, is 
 
                            .
T
dq
SddS reve ==                        
(3-14) 
 
If, however, the change is irreversible, diS ≠ 0, and 
 
                     .'
T
dq
T
dqSdSddS revei +=+=                     (3-15) 
 
In (3-15), diS is called “entropy production” that establishes the equality sign in 
Clausius inequality. Equation (3-15) defines the “uncompensated heat”, q`, which 
measures the extent to which a given change differs from the corresponding reversible 
change. The second law of thermodynamics requires that 
 
                                                           (3-16) .0'≥dq
 
Thus, 
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                              .' revdqTdSdq −=                      (3-17) 
 
Time dependence of dq` is 
 
                            .'
dt
dST
dt
dq
dt
dq rev +−=                     (3-18) 
 
The enthalpy of a system is given by 
 
,PVwqPVUH rev ++=+=  
 
and the change is 
 
,VdPPdVPdVdqdH rev ++−=  
 
then, 
                             .VdpdHdqrev −=                       (3-19) 
 
Since H = H(T, P, ξ), then 
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Combination of (3-19) and (3-20) into (3-18) gives 
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Since S = S(T, P, ξ), then 
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(3-22) 
 
Substitution of (3-22) into (3-21) gives 
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This equation shows that dq` / dt is partially controlled by the first and second terms on 
the right hand side, those involving dT / dt and dP / dt and. It is possible that dq` could 
be made negative by careful choice of these rates. However, this is forbidden according 
to the second law of thermodynamics. Equation (3-23) could always be upheld if the 
quantities in first and second curly brackets in (3-23) are zero. 
Then 
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and 
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From (3-24), 
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,ξP
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∂
∂=                      (3-26) 
 
The quantity CPξ describes that a heat capacity for which no arrangement of molecules 
or chemical reaction occurs in the closed system. For this reason, CPξ is sometimes 
called the instantaneous isobaric heat capacity. Similarly, the equilibrium isobaric heat 
capacity is defined as 
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Equation (3-26) is put into (3-13), 
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This equation is the first underlined terms appeared in (3-8), and is substituted later. 
Therefore, (3-23) is 
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3-3 Affinity and thermodynamic potential 
 
For a irreversible change within a closed system, the extent of reaction, dξ, and 
uncompensated heat, dq`, are linked by the affinity, A, by the next equation 
 
                             .' ξAdSTddq i ==                       (3-30) 
 
This is because only a chemical reaction induces the change which causes the dq’, the 
affinity, A, is introduced as a proportionality constant for the extent of reaction. 
Equation (3-30) is the definition of the affinity, A. 
Internal energy for a closed system is 
 
                            .PdVdqdU rev −=                       (3-31) 
 
Above (3-31) is arranged by using (3-17) and (3-30), 
 
                        ,ξAdPdVTdSdU −−=                      (3-32) 
 
where entropy change, dS, is the total entropy change expresses as dS = diS + deS. 
Similarly, the enthalpy, H = U + PV, the Gibbs function, G = H – TS = U – TS + PV, and 
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the Helmholtz function, F = U – TS, are defined as 
 
,ξAdVdPTdSdH −+=       (3-33) 
 
,ξAdVdPSdTdG −+−=       (3-34) 
 
and 
 
.ξAdPdVSdTdF −−−=       (3-35) 
 
Thus, the affinity can be expressed as 
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Since dξ = ξ – ξeq ≈ ξ, combination of (2-2) and (3-36) gives equation (2-3), 
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(2-3) 
 
Equation (2-3) is proved. 
 
An example of application 
We now have next equation; 
 
    and ,∑−=
i
ii µυA .ln iii xRTµµ +°=  
 
When A = 0 at equilibrium, 
 
( ) ( ).lnln ∑∑ +°=+°=−
i
ν
iii
i
iii
ixRTµυxRTµυA  
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Above equation is arranged to give 
 
.ln iνi
i
x
RT
G∆ ∑=−  
 
e.g. At the next system; A ⇌ B 
 
,lnlnlnln 1 K
x
xxx
RT
G∆
A
B
BA ==+=− −  
 
where K is the equilibrium constant of the system. 
 
From (3-30), 
 
                              .'
dt
ξdA
dt
dq =                          (3-37) 
 
Comparison of (3-37) and (3-29) reveals that 
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At equilibrium, where A = 0 
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From (3-38), 
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Equation (3-40) is differentiated with respect to temperature, T, 
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Equation (3-26) is differentiated at constant T and P as 
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Also CPξ = (∂H / ∂T)P,ξ, then 
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Equation (3-41) is rearranged using (3-42) and (3-43), 
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T
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3-4 Affinity and change 
 
If the affinity, A, is expressed in terms of the independent variables, T, P, and ξ, 
then the total differential of A / T is given by 
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The first term in (3-45) is equivalent to (3-44) 
If T = const for (3-34), then 
 
                            .ξAdVdPdG −=                        (3-46) 
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Since Gibbs function, G, is exact differential, then 
 
                           .
,, ξTPT P
A
ξ
V ⎟⎠
⎞⎜⎝
⎛
∂
∂−=⎟⎠
⎞⎜⎝
⎛
∂
∂                      
(3-47) 
 
Thus, the second term in (3-45) is arranged as follows, 
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The third term in (3-45) is 
 
                           .1
,, PTPT ξ
A
TT
A
ξ
⎟⎠
⎞⎜⎝
⎛
∂
∂=⎟⎠
⎞⎜⎝
⎛
∂
∂                   (3-49) 
 
Also 
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then, combination of (3-44), (3-48), (3-49) and (3-50) into (3-45) gives 
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Equation (3-51) is rearranged, 
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Both sides of (3-52) are multiplied by (∂ξ / ∂A)T,P, 
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Comparison of (3-53) and (3-6) reveals that 
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and 
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Equation (3-55) is corresponding to the third underlined term in (3-8). 
At equilibrium, where A = 0 for (3-54), we have 
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Equation (3-56) is the second underlined term in (3-8). 
 
Equations (3-28), (3-55), and (3-56) are put into the corresponding underlined terms, 
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The definitions of various parameters are indicated below 
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where αPA and αPξ are the equilibrium and instantaneous isobaric thermal expansion 
coefficient, respectively. Equation (3-57) can be arranged by using (3-58) as follows; 
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Using Maxwell relation and (3-58), (3-27), 
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Equation (3-60) and the next relation, ρ = 1 / V, are put into (3-59), then 
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The difference between equilibrium isobaric heat capacity and instantaneous one is 
called the relaxation isobaric heat capacity, δCP, as 
 
                          .ξPPAP CCCδ −=                          (3-62) 
 
Similarly, the relaxation compressibility, δκS, and relaxation thermal expansion 
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coefficient, δαP, are defined as 
 
                           ,ξSSAS κκδκ −=                          (3-63) 
and 
 
                           .ξPPAP ααδα −=                          (3-64) 
 
The next term in (3-61) is arranged, then 
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Since V = V(T, P, ξ), the total differential is 
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When dP = 0, and A = 0 (P = const, at equilibrium), (3-66) is divided by dT to give 
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Equation (3-67) is rewritten by using the parameters indicated in (3-58) as 
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then 
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Since S = S(T, P, ξ), the total differential is 
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When dP = 0, and A = 0 (P = const, at equilibrium), (3-69) is divided by dT to give 
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Equation (3-70) is rewritten by using (3-26) and (3-27) as 
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From (3-39) and (3-58), 
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Equation (3-72) is substituted into (3-71) and rearranged to give 
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Equations (3-68) and (3-73) give the next relation, 
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Equation (3-74) is put into (3-65), 
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Equation (3-75) is put into (3-61), then, 
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Thus, 
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If u = u0 as is seen in ordinary liquid, then κSA = 1 / ρu2. This relation and combination 
of (2-39) and (3-77) shows that 
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It can be approximated that CPA ≈ CPξ. Therefore, (3-78) can be related to (2-38) as 
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It was shown that how the macroscopic relaxation time, τS,P, or the relaxation frequency, 
fr, can be related to thermodynamic parameters. However, it is still necessary to estimate 
the term, -(∂A / ∂ξ)T,P-1 / V, appeared in (3-79) for the reaction mechanism. 
 
4. Chemical equilibrium 
 
    From the definition of the affinity, A, expressed by (2-3), the next relation is 
derived; 
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where ni is the number of mole for the reactant species i.  
 
Example 1: A ⇌ B 
 
The chemical potential, µi, in a closed system can be expressed as 
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and 
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Thus, the affinity, A, is 
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Since dξ = dni / νi, the next relations are derived; 
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Equations (4-5), (4-6), and (4-7) are put into (4-1), 
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Then, 
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As this is a unimolecular reaction, υA = -1, and υB = +1. Then (4-8) is simplified to be 
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The equilibrium concentrations of the reactants A and B are expressed as 
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Therefore, the term, -(∂A / ∂ξ)T,P-1 / V, appeared in (3-79) is 
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Thus, 
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The term, -(∂A / ∂ξ)T,P-1 / V, is sometime called concentration term because the term can 
be expressed in terms of the equilibrium concentrations of the reactants. Another 
example is shown. 
 
Example 2: A + B ⇌ C 
 39
 
The chemical potential of the reactants are expressed, for example; 
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Thus, the affinity, A, is 
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Generally, 
                           .i
i
i
ii υ
υ
n
n
ξ
n =
⎟⎟⎠
⎞
⎜⎜⎝
⎛∂
∂=⎟⎠
⎞⎜⎝
⎛
∂
∂                       (4-18) 
 
Using the above relations, the next equation is derived; 
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Since υA = -1, and υB = -1, and υC = +1, then (4-19) is simplified to be 
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The equilibrium concentrations of the reactants are expressed as 
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Therefore, the term, -(∂A / ∂ξ)T,P-1 / V, appeared in (3-79) is 
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Thus, 
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In general, 
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The equilibrium concentration of the reactants can be estimated when the equilibrium 
constant is determined. By using (3-79) and (4-24), standard volume change of the 
reaction, ∆V, can be obtained. 
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CHAPTER II 
Molecular Recognition Kinetics by Cyclodextrins 
Using Ultrasonic Relaxation Method 
 
1. Abstract 
 
    Ultrasonic absorption method was applied to elucidate the dynamic properties for 
host-guest complexation in water between α-cyclodextrin or β-cyclodextrin (host) and 
various organic molecules (guest) at 25 oC. Ultrasonic absorption coefficients in the 
frequency range of 0.8–95 MHz were measured in an aqueous solution of a guest in the 
presence and absence of cyclodextrins. The chosen guest molecules were alcohols, 
carboxylic acid, amino acids, dipeptide, alkylammonium ions, and drug molecule, 
acetylsalicylic acid. The aim of this chapter is to clarify kinetically and 
thermodynamically how the guest molecules are recognized by cyclodextrins due to the 
difference in structure such as hydrophobicity, isomeric structure, functional group, and 
existence of charge. Moreover, the cavity size effect on the reaction was examined by 
using the different size of cyclodextrins (α-cyclodextrin and β-cyclodextrin). Only when 
the host and guest existed together in solvent water, a clear single relaxational 
phenomenon was observed although no excess absorption was found in each individual 
aqueous solution. The cause of the relaxation was responsible to the exchange process 
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of a guest molecule from bulk phase to the cavity of cyclodextrins, and that of some 
water molecules from the cavity to bulk phase is occurring at the same instant. The rate 
and equilibrium constants were mainly obtained from the concentration dependence of 
the relaxation frequency, and the standard volume changes of the complexation reaction 
were from the maximum absorption per wavelength. For the system in which the 
concentration independence of the relaxation frequency were observed, the equilibrium 
constant and the standard volume change of the complexation reaction were estimated 
first from the concentration dependence of maximum absorption per wavelength, and 
subsequently the rate constants were calculated with the help of the estimated 
equilibrium constant and the observed relaxation frequency. The results of the volume 
change of the reaction provided us some useful insertion mode of a guest molecule into 
cyclodextrins by taking account the number of expelled water molecules from the cavity 
of cyclodextrin and the molar volume of a guest molecule. 
 
 
 
2. Introduction 
 
Cyclodextrins (CDs) are cyclic oligosaccharides consisting of glucopyranose units 
through α-1,4 linkages. The shapes of these macromolecules are well likened to a 
truncated bucket. CDs with fewer than six glucose units are too strained to exist, 
whereas those with more than eight units are too soluble to isolate, and hardly studied.1 
The well-known naturally occurring CDs are α-, β-, and γ-CD composed of six, seven, 
and eight glucopyranose units, respectively. The cavity diameter increases with the 
number of the consisting units while the depth remains constant. Cyclodextrins (for n 
glucose units) possesses n primary hydroxy groups at one rim, and 2n secondary 
hydroxy groups at a bit narrower rim. The interior of the cavity lined with (from the 
secondary hydroxy rim inward) a row of CH groups (the C-3 carbons), then a row of 
glycosidic oxygens, and then a row of C-5 CH groups.1,2 Consequently, the interior 
cavity has a hydrophobic environment while both of the exterior rims show a 
hydrophilic character due to the existence of hydroxy groups. The polarity of the 
cyclodextrin cavity has been estimated to be similar to that of a somewhat aqueous 
alcoholic solution.3-5 The schematic and chemical structure of β-CD was shown as 
example in Fig. 1. Molecular dimensions and some physicochemical properties of 
native CDs are listed in Table 1 and Table 2. They have been attracting a great deal of 
interests owing to the ability to incorporate appropriate compounds as guests into their 
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cavity through noncovalent force. The complexation reactions of CDs are extensively 
studied stationary and kinetically by various kinds of static and dynamic methods1,2,6,7 
such as spectrophotometry,8-15 calorimetry,16-20 NMR,11,21-24 density,25-29 
stopped-flow,13,30 temperature-jump,10,14,15 conductivity,31 and ultrasonic relaxation 
methods.12,32,33 By volumetric, NMR, ROESY, and other studies, it has been well 
proved that they usually form an inclusion complex with 1:1 stoichiometry in aqueous 
media unless the hydrophobic side chain of guest molecule is too long or guest has more 
than one site to be incorporated.1,2,6,22-24,27 The inclusion process is accompanied by 
sensitive molecular recognitions. Therefore, their macromolecular recognition can be a 
good artificial model in biological systems such as enzyme-substrate models based on 
their ability to accelerate chemical reactions, or are expected to be applied in 
drug-delivery system for their function as a vehicle or altering physicochemical 
properties such as stability and solubility of drug molecules.1.2,34-45 Moreover, CDs can 
be a good component in building up supramolecular complexes, e.g. ternary complex, 
polyrotaxan, and molecular nanotube.46-62 Also, their stabilization, solubilization, and 
sustained-release capsule functions for a volatile component are being utilized in 
industry such as cosmetic, food, and fragrant substance.2
Despite a number of static equilibrium data for the inclusion complex between 
CDs and a variety of guest molecules, few studies have been conducted on the kinetic 
information because many of the inclusion processes in the supramolecular systems 
occur on very fast time scale. In addition, there are some scatterings on the reported 
results even for the same reactions. This might primarily stem from the restrictions to 
the experimental methods; the need for indicators or a buffer other than reactants, and 
some restrictions of measuring instruments.6,21,63 Ultrasonic absorption method can be 
used to study the fast reactions occurring from about microsecond to nanosecond and it 
can also be applied to an examination of host-guest dynamic interaction in an aqueous 
solution at the molecular level.32,33,64-74 The advantages of using this method are: 1) the 
measurements are possible over a very wide frequency range, 2) no need of addition of 
any indicators, 3) there is no need of choice of the solvent. 
In the series of kinetic studies by the ultrasonic relaxation method, a variety of 
compounds were chosen to rule and figure out the precise complexation mechanism of 
CDs. The guest molecules selected were classified concisely as follows. 
Firstly, β-CD with alcohol systems was carried out to see how hydrophobicity and 
the isomer of guest molecules affect the kinetic characteristic on the complexation 
reaction. In the present thesis, 2-propanol (sec-propanol) and 2-methyl-2-propanol 
(tert-butanol) were chosen as proper guest molecule for β-CD and the results were 
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compared with other β-CD systems reported previously including 1-propanol 
(nor-propanol), 1-butanol (nor-butanol), 2-butanol (sec-butanol), 2-methyl-1-propanol 
as guest molecules.75-77 Furthermore, α-CD with alcohol systems was studied in order to 
unveil the cavity size effect on the complexation reaction. Since α-CD has smaller 
cavity diameter compared to β-CD, it was expected that a different kinetic behavior 
would be observed. Since α-CD with 1-propanol (nor-propanol) system has been 
reported previously,78 1-butanol and 2-butanol (nor-butanol and sec-butanol) were 
newly selected as the appropriate compound as guests for α-CD. Consequently, it was 
also possible to compare to β-CD systems with the same guest molecules. 
Secondly, the effect of charge on a formation of host-guest complex was 
investigated. In order to examine the charge effect, propionic acid was chosen as a 
proper guest for β-CD because it was possible to make this electrolyte ionized or 
nonionized form by just adjusting pH value of the solution. Another purpose of this 
study is to clarify the proton-transfer reaction of carboxylic acid in water since there are 
only a few reports concerning the proton-transfer reaction in aqueous solution of 
carboxylic acid, which have only been done in restricted frequency range for the 
measurement of sound absorption.79
Thirdly, the kinetic researches of alkylammonium ions with β-CD were aimed at 
revealing the effect of difference in charge or functional group on the dynamic 
interaction between host and guest. In this study, propylammonium, butylammonium, 
pentylammonium, and hexylammonium chloride (PRACL, BUACL, PEACL, and 
HEACL, pH ≈ 7.2, over 99 %) were expected to be effectual guest compound. Besides, 
it was possible to see further how the length of hydrophobic carbon chain on guest 
molecule affects the stability of the inclusion complex and the kinetic parameters of the 
complexation reaction.  
Fourthly, the dynamic interaction between various amino acids and β-CD was 
studied, which was extended to the recognition of peptide by macromolecules. This is 
because the molecular recognition of CDs for amino acids or peptides is very important 
for biological systems.34,35,80 Since the system including L-isoleucine and β-CD was 
already done previously,81 therefore, L-leucine, L-isoleucine, L-norleucine, and 
L-methionine were newly chosen as guest amino acids and glycyl-L-leucine was 
selected as a guest dipeptide. The obtained results could also be discussed about the 
feature of zwitterions.  
Finally, our interests in the application of CDs for drug-delivery system led us to 
select the drug compound, acetylsalicylic acid (aspirin), as the guest molecule for β-CD 
as host. Aspirin belongs to the non-steroidal anti-inflammatory drugs (NSAIDs) that are 
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one of the most commonly used groups in the world. However, NSAIDs are known to 
cause side effects of some gastric disturbance. Several attempts have been tested for 
reducing the gastric irritation, including such as prodrug formation and 
microencapsulation.37,82 Another method tested for reduction of gastric irritation was 
complexation of NSAIDs with cyclodextrins. The cyclodextrin complexation was 
reported that it frequently results in less gastric lesion due to shorter time of contact 
between drugs and the mucosa.37,83,84 However, most of the studies concerning the 
complexation between CDs and NSAIDs were static ones such as determining of the 
stability constant of the complex and the enhancement of the solubility of drug 
compound. Kinetic researches were conducted only on the reaction mechanism for the 
reduced degradation of drug compound. Detail kinetic information for the complexation 
reaction between CDs and drug molecules is lacking despite the importance for the 
application of CDs to a drug-delivery system. In the thesis, two different pH conditions 
were applied to the aspirin-β-CD systems: in acidic condition corresponding to 
endogastric condition, and in neutral condition similar to intestinal one. The kinetic 
results obtained for the complexation reaction in two systems were compared and 
discussed. 
The results of volume change of complexation reaction with CDs implied the 
extent of insertion of a guest molecule into cyclodextrin cavity. The insertion mode was 
closely associated with the number of expelled water molecules originally located into a 
cyclodextrin cavity and the incorporated part of a guest molecule into cyclodextrin 
cavity.1,2,6,20,25-28,63 Some estimations were tested for the complexation reaction with 
CDs. 
 
3. Experiments 
 
A. Chemicals 
    The host molecules, α-CD and β-CD are purchased from Wako Pure Chemical Co. 
Ltd., and were recrystallized once using distilled and filtered water by a Milli-Q 
SP-TOC filter system from Japan Millipore Ltd. Then they were sufficiently dried in 
vacuo at about 45 oC until the sample weight reached a constant value. The distilled and 
filtered water was also used as a solvent for all solutions after degassed treatment under 
a reduced pressure. The guest molecules, sec-propanol, tert-butanol, nor-butanol, 
sec-butanol, propionic acid, propylamine, butylamine, pentylamine, and hexylamine, 
L-leucine, L-isoleucine, L-methionine, glycyl-L-leucine, and aspirin were also obtained 
from Wako Pure Chemical Co. Ltd. as the purest grade, and L-norleucine was from 
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Aldrich Chem. Co. of which the purity is confirmed more than 99 %. They were used 
without further purification except sec-propanol, which was distilled at a normal 
pressure. 
    The concentration of propionic acid in aqueous solution was determined by sodium 
hydroxide solution titrated by oxalic acid dihydrate aqueous solution. Nonionized 
propionic acid (over 99 %) was prepared by adding concentrated hydrochloric acid 
solution to adjust at pH ≈ 1.8. Ionized propionic acid solution (propionate ion, about 
70 %) was obtained by addition of sodium hydroxide solution at pH ≈ 5.2. Nonionized 
aspirin (about 99 %, pH ≈ 1.7) and ionized aspirin (about 99 %, pH ≈ 6.0) were 
prepared in similar fashion. The alkylammonium chloride solutions were prepared by 
adjusting solution at pH ≈ 7.2 using concentrated hydrochloric acid solutions. No 
additives such as acid and base were contained for amino acid system solutions, thus, 
the experimental pHs were at their isoelectric points of the amino acids studied. All the 
sample solutions were prepared by weighing just before the experimental measurements. 
The sample solutions were freshly prepared for sound absorption measurements of each 
resonance and pulse method because the most important reaction contributing to the 
instability of aspirin in aqueous solution is its hydrolysis of phenyl ester. 
 
B. Resonance method and sound velocity 
    Ultrasonic absorption coefficients, α, were measured by a resonance method in the 
frequency range from about 0.8 to 9 MHz. The apparatus consists of four resonance 
cells with 3, 5, and 7 MHz fundamental x-cut quartz crystals. The 3 MHz cell was used 
for the frequency range from about 0.8 to 2.5 MHz, the 5MHz cell A covered from 
about 3 to 4.5 MHz, the 5MHz cell B from 3 to 7.5 MHz, and the 7 MHz cell was from 
8 to 9 MHz range. The apparatus is shown schematically in Fig. 2, and the diagram of 
resonance method is in Fig. 3. The sample solutions were contained between two 
crystals in each cell. The temperature control for the resonator cells was maintained 
within ±0.01 oC (Lauda RM20). The crystals were utilized as transducer between 
electric signal and sound wave. When a voltage was applied to the sender crystal, a 
continuous wave was generated from the sender crystal vibration. After passing through 
a solution, the sound wave was converted to an electric signal. It was possible to 
monitor the output voltage by a vector voltmeter. The sound frequency can be changed 
by changing the voltage applied to the crystal. A resonance phenomena occurs every 
increase of half wavelength. As the output voltages were plotted against sound 
frequency, resonance curves were obtained. The frequency at which maximum intensity 
was obtained was called resonance frequency, fr. The half bandwidth of the resonance 
 48
curves, ∆f, is given by 
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where frl and frh are the lower and higher frequencies at the voltage corresponding to the 
reciprocal root two times compared to the output voltage at the resonance frequency, 
respectively. The ∆f value was accepted when the value of (fr - frl) and (fr - frh) were 
within 20 % disagreement. The same measurement was repeated 5 times for every 
resonance curve. Since the values of ∆f are usually enlarged due to a mechanical loss, it 
was necessary to measure the values of ∆f/f for water as a reference liquid over the 
measurement frequency every prior to the sound absorption experiments in order to 
check the extent of broadening. This was because the acoustic impedance of the 
solutions investigated was close to that of water. In water at 25 oC, the values, α/f 2 = 
21.1 × 10-15 s2 m-1 (f: ultrasonic frequency), v (sound velocity) = 1497 m s-1 were taken 
as constants over the measurement frequency range. Thus, the differences between the 
theoretical values and practical ones for water were obtained as the mechanical loss, Q-1, 
by which α/f 2 values for solutions were calculated through the equation as  
 
                         α/f 2 = (∆f/f – Q-1) (π / v) / f.                     (2) 
 
Fig. 4 shows the experimental values for the individual cells and the calculated line for 
water using above constant values of α/f 2 and v. 
    Sound velocity was obtained by resonance method at around 3 MHz. Since a 
resonance peak appears every increase of half wavelength, sound velocity, v, can be 
obtained through next equation, 
 
                             ( )ii fflv −= +12                           (3) 
 
where fi indicates the ith resonance frequency, l is the distance between the set of quartz 
crystals. Four sound velocities were obtained by first five resonance peaks from 5 MHz 
cell A, and an averaged value was taken as a sound velocity of a system. 
 
C. Pulse method 
A pulse method with 5 MHz fundamental crystal was used in the range from about 
25 to 95 MHz and the temperature for the pulse cell was maintained within ±0.1 oC 
(EYEYA UNI ACE BATH NCB-2200). The apparatus is shown schematically in Fig. 5. 
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Two quartz crystals are built into the cell. The lower crystal is fixed and the upper rod 
can be moved vertically so that the two rods remain exactly co-linear. The crystal delay 
rods are combined with each quartz crystal. The pulse generator provides an electric 
signal at a selected frequency. The electric signal is fed to the lower crystal where it 
excites a harmonic of the crystal transducer. The lower transducer converts an electric 
signal to a sound wave, which passes through the lower delay rod, sample solution, 
upper delay rod, and then is converted to an electric signal at the upper transducer. 
Owing to the delay rod, it is possible to discriminate the sound wave between a signal 
radiated through air from generator and the one through a liquid. Also, the 
discrimination between a single and a multiple passes of the sound wave through a 
solution is possible. They are displayed through variable attenuator on an oscilloscope 
as serial signal peaks. The second signal that is a single pass through a solution is 
focused. The pulse height is elevated as an imposed attenuation decreases. When the 
pass length in a sample solution increases, the intensity of the received electric signal 
decreases due to a sound absorption. A same attenuation is decreased and the procedure 
is repeated about 10 times: at each step, the upper rod is moved apart in order to remain 
the original height. The moving distance of the upper rod can be read by a micrometer 
within 0.001 mm accuracy. In order to avoid the effect of dispersion of ultrasonic wave, 
the maximum distance between the lower and upper rod is kept within 20 mm. The 
change in path length against the change in attenuation are plotted to provide the linear 
relation. From the slope, ultrasonic absorption coefficient, α (dB m-1, usually expressed 
in m-1), is calculated. The sound absorption measurement was repeated several times for 
every frequency. 
 
D. Density meter and pH measurement 
    Density measurements were carried out by using a vibrating density meter (Anton 
Paar NMA 60/602). Both ends of a horseshoe-shaped glass tube are fixed in the 
apparatus. By vibrating a magnet of oscillator that is placed facing to a magnet attached 
at a glass tube, a horseshoe-shaped glass tube is vibrated. If the frequency is F, then the 
period, T, can be calculated (T = 1 / F). A characteristic period of a sample solution is 
measured by the sample weight infused into a glass tube. A solution density is 
determined as follows. 
    Firstly, the periods of water and air as reference material at 25 oC, Twater and Tair, 
are measured, and a cell constant, K, is obtained by using the densities of water and air, 
ρwater and ρair, through the next relation, 
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airwater
airwater
TT
ρρ
K −
−=                            (4) 
 
A density of sample solution, ρsample, is obtainable by measuring the characteristic period, 
Tsample, through the next equation, 
 
                      ( ).22 watersamplewatersample TTKρρ −+=                    (5) 
 
The density cell (horseshoe-shaped glass cell) is kept under the temperature 25 ± 0.001 
oC by air thermostatic chamber. A solution density is measured to an accuracy of 0.0015 
kg m-3, and the measurement was repeated 3 times for a same sample solution. 
The solution pH was measured by using a glass electrode with HM-60S Toa Denpa 
pH meter in the thermostatic bath used in pulse method. 
 
 
4. Results 
 
The host CDs used in the present study were α- and β-CD. Kato et al.66 reported on 
an ultrasonic relaxation study for α-, β-, and γ-CD aqueous solutions. The observed 
double relaxation processes were ascribed to a water exchange process in CDs and 
desorption of the hydrated CD molecule. The relaxation phenomena were observed in a 
0.026 mol dm-3 α-CD aqueous solution, which is the lowest concentration of α-CD 
tested in their work. Previously, we found that there was no frequency dependence of 
the ultrasonic absorption coefficient divided by the square of the sound frequency, α/f 2, 
at concentration of 0.0120 mol dm-3.78 Thus, all of the concentrations of α-CD were kept 
below 0.0100 mol dm-3 in the present study in order to avoid any overlap of the 
relaxations due to CD molecules. The concentrations of β-CD were kept under 0.0110 
mol dm-3.75 The results of ultrasonic absorption measurements in aqueous solution of 
α-CD or β-CD are shown in Fig. 6. 
 
A. Alcohol with α-CD or β-CD system 
Figs. 7 and 8 show representative ultrasonic absorption spectra in aqueous 
solutions of sec-propanol or tert-butanol in the presence of β-CD, respectively. Figs. 9 
and 10 show representative ultrasonic absorption spectra in aqueous solution of 
nor-butanol or sec-butanol in the presence of α-CD, respectively. The concentration 
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range of alcohols was taken to be sufficiently low so that no relaxational absorption 
appeared in their aqueous solutions.76,77 The frequency dependence of α/f 2 was surely 
observed in the mixed aqueous solutions. 
The frequency dependence of α/f 2 was extensively checked by the Debye -type 
single relaxational equation, 
 
                       α/f 2 = A / { 1 + ( f / fr)2 } + B                     (6) 
 
where fr is the relaxation frequency, A is the relaxation amplitude, and B is the 
background absorption. Since Eq. 6 is a monotonic decreasing function with frequency, 
f, it is slightly modified to calculate the above three parameters, A, B and fr as follows, 
 
                      α/f = Af / { 1 + ( f / fr)2 } + Bf.                     (7) 
 
A nonlinear least-mean-squares method was used to obtain the best fit of the 
experimental data to Eq. 7 to yield the above three relaxational parameters (fr, A, and B). 
The line drawn through the experimental data points in Figs. 7 to 10 are well fitted with 
values of α/f 2 according to Eq. 6. The good agreement between the calculated line and 
the experimental data confirms that a single relaxation process occurrs in all mixed 
solutions. Table 3 summarizes the relaxation parameters for β-CD systems as well as the 
solution density, ρ, and the sound velocity, v, and Table 4 includes the results of α-CD 
systems. 
  The cause of the observed relaxation was evidently due to the dynamic interaction 
between CDs and alcohol molecules because the relaxation appeared only when the two 
solutes coexisted in water. Since all of the observed relaxations in mixed solutions were 
of the single type, the cause of the relaxation is responsible for the perturbation of the 
following chemical equilibrium by ultrasonic wave: 
 
                                    kf   
                       CD  +  GST   ⇌   CDGST,                  (8) 
                                    kb 
 
where CD indicates CDs as the host, GST is the alcohol molecule as the guest, CDGST 
is the host-guest inclusion complex, and kf and kb are the forward and backward rate 
constants, respectively. The equilibrium constant, K, is defined as 
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where the square brackets with overbar refer to the equilibrium concentrations of the 
reactants. The rate equation can be expressed by the next equation 
 
                      [ ] ],[]][[ CDGSTkGSTCDk
dt
CDd
bf +−=              (10) 
 
where square notations indicate their actual concentrations. The actual concentrations of 
reactants hold the next relations, 
 
                            ,][][ CDδCDCD +=                       (11) 
 
                            ,][][ GSTδGSTGST +=                    (12) 
 
                       ,][][ CDGSTδCDGSTCDGST +=                 (13) 
 
where δCD, δGST, and δCDGST are their perturbed concentration by ultrasonic wave, 
and are in the next relation, 
 
                        .CDGSTδGSTδCDδ −==                      (14) 
 
Eqs. 11, 12, and 13 are put into Eq. 10, and the rearrangement gives 
 
}][][]][{[][ GSTδCDδCDδGSTGSTδCDGSTCDk
dt
CDδd
dt
CDd
f +++−=+  
                    }.]{[ CDGSTδCDGSTkb ++    (15) 
 
The next relation is derived from Eq. 9, 
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                      ].[]][[ CDGSTkGSTCDk bf =                      (16) 
 
Because an equilibrium concentration is not dependent on time, the first term of left part 
in Eq. 15 is zero, and as the product of perturbed concentration should be very small, 
δCDδGST ≈ 0. The two relations mentioned above and Eq. 14 are substituted into Eq.15, 
then 
 
                   [ ] .]}[]{[ CDδkGSTCDk
dt
CDδd
bf ++−=                 (17) 
 
Since Eq. 17 is comparable to a relaxation equation expressed in (2-5), it is rewritten 
using (2-27) as 
 
                        { } ,][][21 bfr kGSTCDkfπτ ++==                (18) 
 
where τ is the relaxation time and fr is the relaxation frequency. The relaxation time is 
the time to be taken to reach the equilibrium concentration but remaining its (1 - 1/e) 
times after a system is perturbed by an external factor such as temperature and pressure, 
which can be seen in (2-7). The relationship between initial concentrations of host and 
guest, CCD and CGST, and equilibrium concentrations of reactant are 
 
                         ],[][ CDGSTCDCCD +=                       (19) 
 
                         ].[][ CDGSTGSTCGST +=                      (20) 
 
Eqs. 19 and 20 are put into Eq. 9 to give 
 
          ( ) .0][1][ 2 =+++− GSTCDGSTCD CKCCDGSTKCKCCDGSTK        (21) 
 
Quadratic formula gives next solution, 
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Eqs. 19 and 20 gives 
 
                  ].[2][][ CDGSTCCCDGSTCD GSTCD −+=+              (23) 
 
Eq. 22 is substituted into Eq. 23, then 
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Combination of Eqs. 18 and 24 give the next equation using the next relation, kf = kbK, 
from Eq. 9, 
 
              ( ){ } .4121 2122 GSTCDGSTCDbr CCKKCKCkfπτ −++==           (25) 
 
The relationship between the relaxation time, τ, or the relaxation frequency, fr, and the 
reactant concentrations can be derived through the chemical kinetic procedure by this 
means. An equilibrium concentration is expressed square bracket without overbar 
afterward. When CCD is kept constant, it can be seen that the relaxation frequency, fr, 
should be dependent on the guest concentration, CGST. Actually, the relaxation 
frequency increased with an increase of the guest concentration, as can be seen in Table 
3 and Table 4. Consequently, the two unknown parameters, K and kb, were estimated by 
using a nonlinear least-mean-squares method. The results obtained are listed in Table 5. 
Hall et al. studied the system of nor-butanol or nor-pentanol with α-CD in water 
quantitatively by employing a head-space analysis involving gas chromatography, and 
kinetically by ultrasonic relaxation method.33 Those results are also shown as reference 
in Table 5. Plots of the 2πfr vs concentration term, {(KCCD + KCGST + 1)2 – 
4K2CCDCGST}1/2 are shown in Fig. 11 and 12. The solid line in the figure is drawn using 
the determined K and kb values, and it can be seen that the experimental data are 
consistent with the calculated line. The agreement supports the 1:1 stoichiometry of the 
 55
inclusion complex. Additional absorption experiments were performed at different 
concentrations of CDs to verify further the validity of the kinetic parameters obtained. It 
was possible to calculate the relaxation frequency through Eq. 25 because the kb and K 
values were already determined. They are given in the parentheses in Table 3 and Table 
4. The experimental results are in good agreement with the calculated ones, and the 
plots shown in Figs. 11 and 12 fall on the calculated line. Therefore, these facts also 
confirm that the proposed complexation reaction is reasonable for the cause of the 
observed ultrasonic relaxation. 
Maximum absorption per wavelength, µmax, is also useful information obtained by 
the ultrasonic absorption measurements. The quantity can be related to the standard 
volume change of the reaction, ∆V, as is derived in (4-23) with the aid of the density 
and sound velocity measurements,  
 
    [ ] [ ] [ ] ,
111
22
212
max ⎟⎟⎠
⎞
⎜⎜⎝
⎛ −⎟⎟⎠
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⎛ ++==
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vπρvAfµ
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PAr      (26) 
 
where R is the gas constant, and T is the absolute temperature, αPA is the equilibrium 
isobaric thermal expansion coefficient, CPA is the equilibrium isobaric heat capacity, and 
∆H is the enthalpy change of the reaction. The term involving equilibrium 
concentrations is simplified compared to that of (4-23) because the term is enough small 
to be neglected. The enthalpy term is also negligible. The ∆H values were well reported 
for the complexation reaction between CDs and various guest 
molecules.1,2,8,10,16-20,31,35,36,80 For example, ∆H = 1.2 kJ mol-1 for β-CD with 
sec-propanol system, ∆H = 3.0 kJ mol-1 for β-CD with nor-butanol system, and ∆H = 
-10.7 kJ mol-1 for α-CD with nor-butanol system.85 Since the value for αPA, ρ, and CPA 
in CD-alcohol dilute aqueous solutions should not so different from those for water, 
those values in the solutions can be approximated by water ones. Then, it is seen that the 
enthalpy term is not effectively large compared to the volume change value, ∆V. 
Therefore, Eq. 26 is rewritten as 
 
           [ ] [ ] [ ] ( ) .
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As the equilibrium constant, K, was already determined from the concentration 
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dependence of the relaxation frequency, the individual equilibrium concentrations of the 
reactants could be calculated with the initial concentrations of the two solutes, CCD and 
CGST through Eqs. 19, 20, and 22. The ∆V values were estimated at each concentration, 
and the averaged values are given in Table 5. 
 
B. Propionic acid with or without β-CD system 
    Figs. 13 and 14 show representative ultrasonic absorption spectra in aqueous 
solutions of nonionized (pH ≈ 1.8, over 99 %) and ionized propionic acid (pH ≈ 5.2, 
about 70 %) in the presence and absence of β-CD, respectively. As can be seen, the 
frequency dependence of α/f 2 was not observed in the solutions without β-CD. The 
relaxation phenomena were also tested by Eq. 6, and the solid lines seen in Figs. 13 and 
14 were obtained by using determined fr, A, and B. It can be seen that they were all 
single type relaxations. The relaxation parameters and experimental results are listed in 
Table 6. 
    The dynamic interaction between nonionized or ionized propionic acid and β-CD 
can be expressed in Eq. 8, and the kinetic parameters were calculated through Eq. 25. 
The results obtained are shown in Table 7. Additional ultrasonic absorption experiments 
at CCD = 0.0050 mol dm-3 were performed and the calculated relaxation frequencies by 
Eq. 25 were also given in Table 6. Plots of the 2πfr vs concentration term, {(KCCD + 
KCGST + 1)2 – 4K2CCDCGST}1/2 are shown in Fig. 15, and the experimental data are close 
to calculated ones. 
    Standard volume changes of the reaction, ∆V, obtained by Eq. 27 are listed in Table 
7. 
    The absorption measurements were also performed in aqueous solutions of 
propionic acid without adding CD, acid or base in the concentration range below 0.100 
mol dm-3. In Fig. 16, the representative absorption spectra are shown in the aqueous 
solution. Although the amplitude of the excess absorption is considerably small, the 
relaxation can surely be observed. The absorption data were again tested by Eq. 8 and 
the calculated curves are fitted to the experimental data. The cause of the relaxational 
absorption is considered to be associated with a protolysis expressed as, 
 
                          k12                k23
CH3CH2COO- + H+ ⇌ CH3CH2COO- ··· H+ ⇌ CH3CH2COOH        (28) 
                          k21                k32 
 
where kij is the rate constants at the individual step. The relationship between the 
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relaxation frequency and concentration of reactant is given by the next equation on the 
assumption that the first equilibrium perturbation is the cause of the observed 
relaxation,86
 
2πfr = γ2{[H+] + [CH3CH2COO-]}k12 + k21
= 2γ2[H+]k12 + k21                               (29) 
 
where γ is the activity coefficient calculated by Davis’s empirical equation as 
 
                      ,3.0
1
5.0log ⎟⎟⎠
⎞
⎜⎜⎝
⎛ −+−= II
Iγ                       (30) 
where I is ionic strength. Ionic strength, I, is obtained by next equation, 
 
                             ,5.0 2∑=
i
ii ZCI                          (31) 
 
where Ci is the individual ionic concentration and Zi is the individual ionic charge. The 
ultrasonic parameters and other experimental results are also listed in Table 6. The data 
accumulation in the concentrations less than 0.100 mol dm-3 was carried out in order to 
rule out the effect of the dimerization process in carboxylic acids. Fig. 17 shows the 
plots of 2πfr vs 2γ2[H+], of which the slope and intercept through a linear least mean 
square method provide the forward and backward rate constant, k12 and k21, respectively. 
The equilibrium constants of the first and second steps, K21 and K32, are defined as 
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These equilibrium constants can be combined with the dissociation constant, Ka, defined 
as 
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Therefore, the equilibrium constant in the second step is available from the ultrasonic 
data if the dissociation constant is determined in the solutions of propionic acid. The 
conventional dissociation constant, Ka, can also be obtained from the analytical 
concentration and hydrogen ion concentration as follows 
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The kinetic parameters, equilibrium and dissociation constants are listed in Table 8. 
The maximum absorption per wavelength for this reaction is given by  
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The averaged standard volume change is also shown in Table 8. 
 
C. Alkylammonium ion with β-CD system 
It is well known that there exists an ultrasonic relaxation in relatively dilute 
aqueous solutions of amines and the relaxation is due to the proton-transfer reaction.87,88 
However, this relaxational phenomenon disappears when the solution pH decreases to a 
neutral value. Thus, the alkylammonium ions were used as the guest (pH ≈ 7.2, over 
99 %) in order to avoid superimpose of plural relaxations. The concentration range of 
the guest was taken below 0.500 mol dm-3 because the ultrasonic results in other 
systems were in the same range or less and the present result would be compared with 
them. 
Figs. 18 and 19 show representative ultrasonic absorption spectra in aqueous 
solutions of propylammonium and butylammonium chloride (PRACL and BUACL) in 
the presence and absence of β-CD, respectively. Figs. 20 and 21 show representative 
ultrasonic absorption spectra in aqueous solutions of pentylammonium and 
hexylammonium chloride (PEACL and HEACL) in the presence and absence of β-CD, 
respectively. There exists no excess absorption in the solution of PRACL even if β-CD 
coexists. Excluding the PRACL system, the frequency dependence of α/f 2 was checked 
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by Eq. 6 and the parameters, fr, A, and B were determined. It can be seen that they were 
all single type relaxations. The relaxation parameters and experimental results are listed 
in Table 9.  
    Because the BUACL, PEACL, and HEACL systems show that the relaxation 
frequencies increase with the increase of guest concentration, it is possible to calculate 
kinetic parameters by Eq. 25. The kinetic results for alkylammonium chloride systems 
are listed in Table 11. Additional sound absorption experiment was tested in PEACL 
system at CCD = 0.0020 mol dm-3, and the result is also shown in Table 9. Plots of the 
2πfr vs concentration term, {(KCCD + KCGST + 1)2 – 4K2CCDCGST}1/2 are shown in Figs. 
22 to 24. 
    Standard volume changes of the reaction, ∆V, obtained by Eq. 27 are averaged and 
listed in Table 10. 
 
D. Amino acid or dipeptide with β-CD system 
Figs. 25 and 26 show representative ultrasonic absorption spectra in aqueous 
solutions of L-leucine and L-norleucine in the presence and absence of β-CD, 
respectively. Figs. 27 and 28 show representative ultrasonic absorption spectra in 
aqueous solutions of L-methionine and glycyl-L-leucine in the presence and absence of 
β-CD, respectively. No additives such as acid, base, or buffer were used in the sample 
solutions; the amino acids and peptide were existing as zwitterions. The relaxation 
parameters and other experimental data for L-norleucine and glycyl-L-leucine systems 
are listed in Table 11, L-leucine and L-methionine systems are in Table 12. 
    The initial concentration of guest, CGST, is the only variable for the relaxation 
frequency when the concentration of β-CD is kept constant (i.e., CCD = 0.0087 mol 
dm-3). It is seen that the relaxation frequency increases with guest concentration 
(L-norleucine and glycyl-L-leucine) as shown in Table 11. Thus, the parameters, kb and 
K, can be estimated from Eq. 25. Figs. 29 and 30 show the plots and calculated line of 
2πfr vs {(KCCD + KCGST + 1)2 –4K2CCDCGST}1/2 for L-norleucine and glycyl-L-leucine 
system, respectively. Additional experiments were performed in glycyl-L-leucine 
system at CCD = 0.0050 and 0.0070 mol dm-3. The good agreement between 
experimental data and the calculated line indicates that the estimated kinetic parameters 
are valid for the complexation reaction between β-CD and guest molecules. They are 
listed in Table 13. However, this analytical procedure can be used only for the systems 
in which the relaxation frequency is dependent on the guest concentration. Since the 
relaxation frequencies do not depend on the guest concentration in the L-leucine and 
L-methionine systems, another analytical procedure is needed. 
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    It is possible to calculate the individual equilibrium concentrations of the reactants, 
once the equilibrium constant, K, is determined. Therefore, ∆V was calculated for 
L-norleucine and glycyl-L-leucine system at the various concentrations of the guest, and 
the mean values are shown in Table 13. 
For the case of L-leucine and L-methionine systems, the experimental results show 
that the guest concentration is almost independent of the relaxation frequency while the 
excess absorption, A, is increasing with the guest concentration. In order to obtain the 
equilibrium constant for these system, Eq. 27 was converted to the following form, 
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The left term in Eq. 37 can be obtained from experimental data. Therefore, various 
values of the equilibrium constant, K, were assumed for the plots of 2RTµmax/πρv2 vs 
(1/[CD] + 1/[GST] + 1/[CDGST]) -1 in order to obtain the best straight line going 
through a zero intercept. A value of K = 2.5 mol-1 dm3 gave the best fit for L-methionine 
system as shown in Fig. 31, and K = 3.3 mol-1 dm3 for L-leucine system as shown in Fig. 
32. Then, the standard volume change was calculated from the slope of the line. As for 
the rate constants, Eq. 18 is approximated to 2πfr ≈ kb on the assumption that the kb 
value may be effectively greater than kf{[CD] + [GST]} term. Consequently, the kb 
value was obtained from the average value of the observed relaxation frequencies and kf 
from the definition of the equilibrium constant, K. The parameters obtained by this 
analytical procedure were used to confirm the above assumption. For example, the kb 
value is approximately seven times greater than kf{[CD] + [GST]} term when CGST = 
0.050 mol dm-3 in L-methionine system. The parameters estimated through Eq. 37 are 
shown in parentheses in Table 13 without probable errors for kf and K. In Figs. 31 and 
32, similar plots for the L-norleucine and glycyl-L-leucine systems are shown in which 
the calculated K and ∆V values from Eq. 25 and Eq. 27 were used. The straight line 
going through the origin confirms that the relaxation is due to the complexation reaction 
between the host and the guest. 
 
E. Acetylsalicylic acid with β-CD system 
Figs. 33 and 34 show representative ultrasonic absorption spectra in aqueous 
solutions of nonionized (pH ≈ 1.7) and ionized aspirin (pH ≈ 6.0) in the presence and 
absence of β-CD, respectively. The solutions used for the ultrasonic absorption 
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measurements due to the resonance and pulse method were freshly prepared in order to 
avoid the degradation effect of aspirin. The kinetic constants from the hydrolysis of free 
aspirin, kobs, as a function of pH at 25 oC were reported; kobs = 2.18 × 10-3 hr-1 at pH = 
1.95, and kobs = 0.014 hr-1 at pH = 5.96.89 In addition, since the rate of degradation of 
aspirin is effectively reduced by CD inclusion,37,38,41,42 the degradation effect of aspirin 
on experiments can be neglected. An accurate weight of aspirin powder, and adjusting 
the solution pH was carefully done. It is obvious that the frequency dependence of α/f 2 
was not observed in the solutions without β-CD. The analysis of the observed single 
relaxations was conducted in the same way. The experimental results are in Table 14. 
The observed relaxation frequencies in the nonionized aspirin system seem to be 
convex downward function with respect to initial concentration of aspirin that reaches a 
minimum value at the region where CGST ≈ CCD. This is because the initial concentration 
of host and guest is about the same, equilibrium concentration of free reactants exhibits 
smaller values. As the relaxation frequencies are dependent on the initial concentration 
of guest, Eq. 25 can also be applied to yield kinetic parameters. The results are seen in 
Table 15. Plots of the 2πfr vs concentration term, {(KCCD + KCGST + 1)2 – 
4K2CCDCGST}1/2 are shown in Fig. 35, and the experimental data are close to calculated 
ones. 
    Standard volume changes of the reaction, ∆V, obtained by Eq. 27 are listed in Table 
15. 
    The relaxation frequencies are independent of the initial concentration of guest in 
ionized aspirin system. On the other hand, the excess absorption, A, increased 
monotonously with guest concentration, CGST. Therefore, the same analysis which was 
applied for L-methionine and L-leucine systems was carried out to obtain the 
equilibrium constant, K, and standard volume change of the reaction, ∆V, through Eq. 
37. They are shown in Fig. 38. However, it is hardly appropriate that Eq. 18 can be 
approximated to 2πfr ≈ kb because the hydrophobicity of aspirin (benzene ring) is so 
high that the value of kb should be very small. In other words, the kb value should not be 
great enough to be dominant term on Eq. (4). Thus, the rate constants, kf and kb, were 
estimated by the following way. The theoretical relaxation frequency, (fr)cltd, at each 
concentration can be calculated if either kf or kb is fixed. Various values of kf or kb were 
tried so that the next error equation takes the minimum value as 
 
                       ( ) ( ){ } ,2exp∑ −= rcltdr ffError                    (38) 
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where (fr)exp is the obtained relaxation frequency experimentally. The values and 
parameters for ionized aspirin system are tabulated in Table 15. The similar plots of 2πfr 
vs concentration term, {(KCCD + KCGST + 1)2 – 4K2CCDCGST}1/2 in ionized aspirin 
system is shown in Fig. 35 and those of µmax vs ρv2(1/[CD] + 1/[GST] + 1/[CDGST]) -1 
in ionized and nonionized aspirin system were in Fig. 36 using respectively determined 
parameters. It can be seen that the plots and lines are in good agreement, which means 
the methods of analysis are reasonable. 
 
5. Discussions 
 
Hersey et al.14,15 proposed that the complexation process of dyes to α-CD involves 
two steps. The first step is a fast pre-equilibrium one to form intermediate complex, 
followed by a slower rate-determining step to form final stable complex. They were 
detected by stopped-flow and temperature-jump methods and the kinetic parameters of 
second step were typically estimated on the millisecond time scale, which were very 
dependent on the nature of guests. Yoshida et al.13 studied inclusion reaction between 
hexakis-α-CD and some azo molecules by stopped-flow apparatus. Okubo et al.30 
examined an inclusion process between ionic detergent and CDs by a conductance 
stopped-flow method. The evaluated rate constants were also on the same time scale. 
However, when CDs complexation was studied by the ultrasonic relaxation method12,33 
or a photoluminescence method,9-11 the rate constants were from microsecond to 
nanosecond time scale and the forward rate constant was independent of the structure of 
host and guest while backward rate constant was very dependent. Although only a 
single relaxation was observed in the present study, the possibility that another 
relaxation reflecting the second step complexation reaction might appear in 
considerably lower frequency range could not completely be excluded. However, the 
analysis for the present experimental results was proceeded following the one step 
reaction expressed by Eq. 8 as uncertain speculations complexify the kinetic analysis. 
 
A. Alcohol with α-CD or β-CD system 
Our previous reports showed that the larger the hydrophobic part of the guest 
molecule is, the more the stable complex is formed, leading to smaller backward rate 
constant, kb.75-78,90 The backward rate constant, kb, varies considerably depending upon 
the structure of the guest molecules. When the size of the CD cavity is same, the longer 
the hydrophobic carbon chain in guest molecule is, the smaller the backward rate 
constant is obtained. The change directly influences the stability of the inclusion 
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complex since the forward rate constants show almost constant values. The results for 
all of the α-CD systems show a smaller backward rate constant and a greater 
equilibrium constant compared with β-CD systems having the same guest molecule. 
This is apparently due to the different size of the cavity; the smaller the cavity is, the 
greater the hydrophobic interaction is created between the host and the guest. These 
tendencies can be seen in Table 2 for α-CD and β-CD systems. Hall et al.33 have studied 
the systems of nor-butanol or nor-pentanol with α-CD. They determined the equilibrium 
constant by a head-space analysis, and kinetic parameters were analyzed by ultrasonic 
absorption method. Although the experimental conditions and the methods of analysis 
were not same, the kinetic results were consistent with those obtained in this study. 
Their results also show that the backward rate constant decreases with an increase of the 
carbon chain length in the guest molecule whereas the forward rate constant remains 
constant. 
On the other hand, the forward rate constants, kf, fall in the similar values, about 3 
× 108 mol-1 dm3 s-1 for most of the guest molecules used in our previous study.75-78,81,90 
This may be because the association process is considered to be a diffusion-controlled 
reaction10-12,33 from the following reason. The rate constant for a diffusion-controlled 
reaction is given by the Smoluchowski’s equation,91
 
                     ( )( )GSTCDGSTCDAD rrDDNπk ++= 4                  (39) 
 
where NA is the Avogadro number, DCD and DGST are the diffusion coefficient for the 
reactants, rCD and rGST are the radii of the molecules. In order to estimate the forward 
rate constant for nor-butanol with β-CD system as an example, the reported values are 
used for rCD as 0.79 nm (radius of outer torus of β-CD),92 and 3.2 × 10-6 cm2 s-1 as 
DCD,93 and 9.5 × 10-6 cm2 s-1 as DGST.94 Molecular size of nor-butanol in water was 
estimated by using molecular modeling computation software WinMOPAC v.3.0 
(Fujitsu, Co. Ltd), to be about 0.65 nm, and the half value was used as rGST. Therefore, 
the next value could be obtained; kD ≈ 1.07 × 1010 mol-1 dm3 s-1, resulting in more than 
30 times greater when compared to the obtained values as the forward rate constant, kf, 
in our series of kinetic study (about 3 × 108 mol-1 dm3 s-1). However, it is necessary for 
the guest molecules to enter into the cavity of the cyclodextrin from just both entrances. 
It seems reasonable that the probability of guest molecules for forming complex is 
proportional to the relative values of surface areas of inner torus to the total surface area 
of the cyclodextrin. Therefore, the needed surface areas are calculated92 to estimate 
more appropriate value for kD. The calculated surface area of the inner torus of β-CD is 
 64
0.68 nm2, and that of total surface area is 8.45 nm2. As a result, it is necessary to 
multiply 1.07 × 1010 mol-1 dm3 s-1 by 0.08 to yield kD ≈ 8.6 × 108 mol-1 dm3 s-1, which 
seems to be in good agreement with the experimental value. Moreover, since the 
diffusion coefficients of the molecules used in the thesis are also on the order of 10 × 
10-6 cm2 s-1,94-99 the suggestion that the association process for the complexation is in 
diffusion-controlled reaction is strongly supported. 
It is interesting to note that alcohols with a branched side carbon chain are 
accommodated more firmly than that with the normal chain into the β-CD cavity. This is 
because the backward rate constant decreases with in the series nor-butanol > 
sec-butanol > tert-butanol. On the contrary, the reverse trend was observed in α-CD 
systems; kb for nor-butanol is smaller than that for sec-butanol. This is again clearly due 
to the difference in the cavity size, that is, it is considered that a suitable fit of the 
branched carbon chain can be accomplished for β-CD. Although the α-CD cavity is not 
sufficiently large to achieve the best match to the branching chain, the normal carbon 
chain is an appropriate or even better size for the α-CD cavity. In other words, the 
hydrophobicity is not only important but also the bulkiness of the hydrophobic part of 
the guest molecule is an essential factor for the complexation reaction. In β-CD systems, 
the bulkier the hydrophobic portion of the guest molecule is, the smaller the backward 
rate constant is, leading to a smaller equilibrium constant. Reversely, the bulkiness 
adversely affects the stability of the inclusion complex between α-CD and the guest 
molecule. It can be concluded that the preferred structures of the guest molecule to the 
β-CD cavity is on an order corresponding to nor- < sec- < tert-, although the α-CD 
cavity prefers a normal chain alcohol. This isomeric effect between α-CD and β-CD can 
also be understood in constructing a supramolecular complex, called polypseudorotaxan. 
Polypseudorotaxan can be obtained when many CDs (hosts) are threaded by linear 
polymer molecule (guest) with no bulky stoppers at each end. Harada et al.55-58 observed 
inclusion complexes between α-CD and polyethylene glycol (PEG) with molecular 
weights more than 200. β-CDs are able to form inclusion complexes with polypropylene 
glycol (PPG) in high yield, while α-CD can not form with any molecular weight of PPG. 
That is, the α-CD cavity can not allow any threading of the branching methyl group of 
the monomer constituting PPG [-CH2CH(CH3)O-] while the monomer of PEG 
[-CH2CH2O-] is allowed. 
It was proposed that the association process of the complexation reaction of a guest 
molecule with β-CD proceeded in a diffusion-controlled reaction. This fact is reflected 
in the forward rate constants that have an almost similar value (kf ~ 3°108 mol-1 dm3 
s-1), and is independent of the nature of the guest molecules. The results of the 
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association rate constants for the α- and β-CD systems in the present study also show 
similar values, as can be seen in Table 3. The host-guest complex forms only when a 
guest molecule comes to both entrances of the CD. Therefore, the diffusion rate constant 
corresponding to kf in the present study, through Smoluchowski’s equation, should be 
reduced by the relative value of the entrance surface area of the cavity to the total 
surface area of the CDs. The relative value is about 0.08 for β-CD and is about 0.06 for 
α-CD.92 Therefore, these factors do not very effectively affect the forward rate constant.  
Next, the result of a standard volume change of the complexation reaction, ∆V, is 
considered. The most likely mode of the complexation of guest to cyclodextrins is an 
insertion of the hydrophobic portion of the guest into the CDs cavity while the polar 
group of the guest remains in solvent exposed at the wide top end of the cavity. It is said 
that there exist several water molecules in the CDs cavity and they are released when 
guest molecule is enclosed into the cavity. From ultrasonic absorption experiment, only 
the absolute values for the standard volume change were obtainable from Eq. 27. As can 
be seen in Table 3, the ∆V values in the α-CD systems decreased by about a factor of 2. 
The obtained smaller values are also considered to be due to the cavity size of α-CD. 
Lichtenthaler et al.92 reported the molecular volume of α-CD cavity to be 100 × 10-3 
nm3, which is able to accommodate 2 to 3 water molecules,1,92 while β-CD can 
accommodate approximately 5 to 7 water molecules.25,28,92,100 It is assumed that the 
number of water molecules located inside the α-CD cavity is 2.5. Fujiwara et al.20 
reported on the number of water molecules released upon the complex formation 
reactions of α-CD with several alcohols based on titration calorimetry, which 
corresponds to the alcohols used in this present study. The number of released water 
was said to be 1.4 on the average. This value may be reasonable since the number of 
water molecules in the α-CD cavity is more than 2. The volume change of the reaction 
is simply expressed as  
 
                         ,CHCHOH VmVnVV∆ 322 −−=                    (40) 
where n indicates the number of expelled water molecules from the cavity of α-CD to 
the bulk phase and m is the incorporated methylene groups when alcohol is incorporated 
into the CD cavity. The following volumes are proposed: VCH2 = 15.7 × 10-6 m3 mol-1, 
and VCH3 = 27.1 × 10-6 m3 mol-1.25 If the reported number represented the expelled water 
molecules, the ∆V values for α-CD systems could not show a positive27 value while 
β-CD systems were reported to be positive.25,29 By using these data, the incorporated 
hydrophobic part on nor-propanol and nor-butanol was estimated. As a result, it was 
 66
calculated that m ≈ 0.20 for nor-propanol and m ≈ 0.13 for nor-butanol. From these 
results, it is seen that a small portion of guest molecule is included into α-CD. The same 
estimation was made for the system of nor-butanol with β-CD. If the number of 
expelled water molecules is more then 4.7 (n > 4.7), then m > 3. It is highly likely that 
the entire hydrophobic group could be included into the cavity. Although the exact 
number of released water molecules is not certain in the case of β-CD complexation 
reaction, it is apparently seen that the guest molecule can not be included into the cavity 
of α-CD as deeply as into that of β-CD. The value of ∆V for the system of tert-butanol 
with β-CD was about half compared to those obtained for the nor-butanol or sec-butanol 
system. Therefore, it can certainly be said that tert-butanol is incorporated more deeply 
into the β-CD cavity. 
    In conclusion, the important factors regarding the complexation reaction with CDs, 
which can be obtained from the ultrasonic absorption measurement, are the backward 
rate constant, kb, and the volume change of the reaction, ∆V. Especially, the kb values 
are sensitively varied due to the structure of the guest molecule. Using the results 
obtained in this study and those from previous reports, the difference in the behavior of 
isomers for the complexation reaction can be comprehensively discussed in 
combination with the characteristic results of the kb and ∆V values. For α-CD systems, a 
noticeable relation between kb and ∆V values is hardly seen in Table 3. This may be 
because of the fact that α-CD can not include the guest molecule adequately deep into 
the cavity due to the small number of water molecules located inside the cavity, which 
means a low driving force to drag a guest molecule deeply into the cavity. Thus, the 
difference in the dynamic behavior is not sufficient to have any kind of effect on the ∆V 
values in α-CD systems. On the other hand, it can be seen that the smaller the kb is, the 
smaller the ∆V value is in β-CD systems. The small kb value means that a guest 
molecule is included with a high affinity for host CD. Consequently, the guest molecule 
can be accommodated more deeply compared to that with a larger kb value. If the 
number of expelled water molecules are almost the same for the isomers with β-CD 
systems, a guest molecule with a favorable hydrophobic part to the β-CD cavity in the 
order nor- < sec- < tert- tends to have a smaller kb value and a smaller ∆V value. 
 
B. Propionic acid with or without β-CD system 
    First, the results for the interaction between β-CD and propionic acid are 
considered. It have been concluded that the rate constants for the association and 
dissociation reaction for α-CD and β-CD with several guest systems are dependent on 
the structures of the CD and guest molecules. More precisely, when the same size of the 
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cavity is used (β-CD), the backward rate constant, kb, is considerably dependent on the 
hydrophobic group and also on the polarity of the functional group of guests. However, 
the forward rate constants, kf, fall on the similar values at around 3 × 108 mol-1 dm3 s-1. 
That was confirmed that the association process is in a diffusion-controlled reaction. For 
propionic acid which exists as the ionized or nonionized form, the forward rate 
constants seem to be close to those values obtained for other systems. It was considered 
that the effect of ionized form on the backward rate constant were more striking because 
the hydrophilic group would interact with the hydroxyl groups locating at the rim of the 
β-CD molecules. Unfortunately, the results shows the small effect when the rate 
constants for ionized propionic acid are compared with those for nonionized propionic 
acid, methyl propionate, or nor-propanol as are shown in Table 7. This means that the 
main cause of the interaction is the hydrophobic interaction in the cavity with the host 
and guest. Therefore, the hydrophobicity of the guest molecules plays mostly the 
important role for the interaction. It should be noticed, however, that the equilibrium 
constant, K, for the ionized form of propionic acid is smaller than that for the 
nonionized form. 
   Next, the results for the proton-transfer reaction in aqueous solution of propionic 
acid are discussed. The amplitude of the excess absorption, A, in carboxylic acid 
solutions is considerably small when compared with those observed in amine 
solutions.72 Jackopin and Yeager79 have reported the relaxation in aqueous solution of 
acetic acid, of which the relaxation frequency locates at around 13 MHz at 0.1 mol dm-3. 
However, the concentrations range has been limited. For propionic acid solution,101 the 
examination has been carried out at 1.0 mol dm-3, changing the solution pH. These 
investigations have been performed using the pulse method and the measurement 
frequency has been above 15 MHz. The resonance method used in this study is very 
powerful in the range less than 10 MHz even if the relaxation amplitude is small. As can 
be seen in Fig. 16, the clear relaxational absorption is observed. The relaxation 
associated with the proton-transfer reaction is usually analyzed by Eigen mechanism as 
is shown in Eq. 28.85 If the second step affects the first step, the relaxation frequency, 
taking into account the coupling effect, is given by 2πfr = 2γ2[H+]k12 + k21 / 
(1+k23/k32).102-105 Then, the plots in Fig. 17 give the k12 value as the slope and the k21 / 
(1+k23/k32) one as the intercept. The ratio, {k21 / (1+k23/k32)}/k12 should be close to the 
dissociation constant, Ka, as is expressed in Eq. 34, but it is far from the literature value 
or determined one using Eq. 35. The similar situations are also observed in aqueous 
solutions of various amines.72 Therefore, it was considered that the cause of the 
ultrasonic relaxation is due to the perturbation of the first equilibrium in Eq. 28. The 
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slope and the intercept of the plots in Fig.17 provide the forward and backward rate 
constant. The k12 value is reasonable as a diffusion-controlled process in water. The 
equilibrium constant, K32, was calculated by using Eqs. 34 and 35. 
    Finally, it should be considered how the proton-transfer reaction affects the 
association and dissociation reaction between β-CD and propionic acid. As are seen in 
Figs. 13 and 14, the ultrasonic relaxation is not observed in propionic acid solutions at 
pH ≈ 1.8 and 5.2. This is because the amplitude of the relaxation due to the 
proton-transfer reaction decreases and the relaxation frequency increases drastically 
when the solution pH is changed by the addition of the acid or base, which are 
recognized from Eqs. 29 and 35. That is, the equilibria expressed by Eq. 28 shift to the 
right hand side or the left hand side sufficiently and therefore the proton-transfer 
reaction may not give any significant effect on the dynamic interaction between the host 
and guest. 
 
C. Alkylammonium ion with β-CD system 
The characteristic ultrasonic relaxations in aqueous solution of amines are those 
due to the proton-transfer reaction87,88 and the association reaction or concentration 
fluctuation.106,107 The relaxation associated with the former reaction is observed in most 
of amine solutions and the relaxation due to the latter process is found in solution, the 
solute of which consist of relatively high hydrophobicity (butylamine,106 
pentylamine107). However, these relaxational absorptions disappear when the solution 
pH is controlled to a neutral value. This is because alkyl amines dissociate to form the 
alkylammonium ions that have high polarities. As can be seen in Figs. 18 to 21, above 
situations were clarified again in the solutions with butylamine and pentylamine, and 
were proved to be correct in the solution with propylamine and hexylamine because the 
ultrasonic relaxations were not observed in the solutions of PRACL, BUACL, PEACL, 
and HEACL at pH ≈ 7.2. 
The frequency dependence of α/f 2 was not observed in aqueous solutions of 
alkylammonium chlorides as can be seen in Figs. 18 to 21. This means that the 
ultrasonic relaxation due to the proton-transfer reaction at neutral pH is far beyond over 
the utilized frequency range in this study. It should be noticed that the relaxation is not 
observed in the solution with PRACL and β-CD as is seen in Fig. 18, although it is 
clearly found in the solution with propionic acid or propionate ion and β-CD. On the 
other hand, the ultrasonic relaxation is definitely observed in the solution of BUACL, 
PEACL, and HEACL when β-CD coexists in the solution as is shown in Figs. 19 to 21. 
It is considered that the inclusion complex between propylammonium ion and 
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β-CD may not be formed. The result is speculated to be due to the fact that the polarity 
of NH3+ group is too high to enter into β-CD of which the cavity is fairly hydrophobic 
environment and the propylammonium ions prefer to exist in bulk phase. Kano et al.108 
reported the stability constant for propylamine and β-CD system to be 9 ± 4 mol-1 dm3 
and that for butylamine and β-CD as 10 ± 5 mol-1 dm3. However, the stability may be 
lower for the complexation between propylammonium or butylammonium ion and 
β-CD. Further, Rekharsky et al.109 determined the constants for pentylamine, 
hexylamine and octylamine with β-CD in phosphate buffer (pH = 6.90) and these 
amines are ionized to form alkylammonium ions. The increment of the standard free 
energy change with the number of methylene unit, d∆Gr / dNc, is estimated to be –3.3 kJ 
mol-1. If this value were applicable to BUACL and PRACL solution systems, K = 2 
mol-1 dm3 for BUACL solution and K = 0.9 mol-1 dm3 for PRACL solution are obtained 
by use of the relationship as K = exp(-∆Gr/RT). It is considered that the result obtained 
for BUACL and β-CD system in this study is not so far from the above estimated value. 
Although the stability constants depend on the solvent characteristics, they are 
considerably smaller when compared with those for other nonelectrolyte systems.6 The 
tendency of the equilibrium constants with the number of carbon atoms109 is similar to 
those obtained in this study. The slight different values of the equilibrium constants 
from other reports may be because the solvent is different. 
On the other hand, the rate constant for the departure of guest molecule from the 
host cavity, kb, is considerably dependent on the structure of guest molecule. It also 
relates to the balance between hydrophobicity and hydrophilicity of guest molecules. 
The internal cavity of β-CD is much in hydrophobic environment. That is to say, when 
the incorporated guest molecule is bearing small hydrophobic part, it is relatively easy 
to leave from the cavity of β-CD, which results in the increase of dissociation rate 
constant, kb. The obtained value, kb, for BUACL solution is appreciably greater than 
those for other guests listed in Table 10. It is interesting to notice that the value is still 
greater than that for propionate ion system. In fact, the complex between 
butylammonium ion and β-CD is not stable when compared with other systems and this 
is reflected on the stability constant, K. It is seen that the backward rate constant 
decreases and the equilibrium constant increases with increase in the number of carbon 
atoms in the alkylammonium ions, the trend of which is also seen in the similar system. 
Therefore, the most important factor to control the stability of the inclusion complex is 
concluded to be associated with the backward rate constant, kb. 
    Next, the results for the standard volume change of the reaction in Table 10 
indicate that the values of ∆V are almost the same even if the structures of the guests are 
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different. The apparent molar volumes of butylammonium, pentylammonium, and 
hexylammonium bromides in water are 110.2 × 10-6, 126.1 × 10-6, and 142.1 × 10-6 m3 
mol-1, respectively.110 However, the obtained volume changes are considerably smaller 
than these apparent molar volumes as is seen in Table 10 even if the counter ion is 
different. Therefore, it is difficult to consider that the whole of the alkylammonium ion 
is incorporated into the β-CD cavity. It is said that the complex formed by guest and CD 
consists of the inserted hydrophobic portion of the guest into the CD cavity with the 
polar group of the guest in solvent exposed at the wide top end of the cavity.109 The 
hydrated β-CD in aqueous solution can involve about 5 to 7 water molecules inside the 
cavity and they are released when guest molecule is enclosed into the cavity.25,28,92,100
    It was shown that the relationship for the standard volume change of the 
complexation reaction was given by Eq. 40. Therefore, the standard volume change is 
controlled by the combination between n and m values. In the solution of 
butylammonium ion, it is proposed that four or five water molecules were expelled 
when the guest was incorporated in the β-CD cavity, and consequently the methyl group 
and one or two methylene groups in the guest molecule exist in the cavity. In aqueous 
solution of propylammonium ion, on the other hand, the relaxation is not observed, the 
result of which reflects that propylammonium ion does not form the inclusion complex 
because of the small hydrophobic tail and the great polarity of the ammonium ion. The 
obtained standard volume changes in this study are not dependent on the length of 
hydrophobic group as is seen in Table 10. Therefore, it is considered that the number of 
the expelled water molecules may increase with increase in the number of the carbon 
atoms in alkylammonium ion because the complex is stabilized and the exit rate from 
the cavity decreases. That is, the guest molecules may be inserted more deeply into the 
cavity with increase in the number of the carbon atoms. 
 
D. Amino acid or dipeptide with β-CD system 
It was clarified in our previous examinations that the larger the hydrophobic part in 
guest molecule is, the more firmly the guest molecule is incorporated into the cavity of 
β-CD. This is reflected in the smaller backward rate constant, kb, and the greater 
equilibrium constant, K, while the forward rate constants, kf, does not depend on the 
structure of guest molecule, and consequently, have similar values of about 3 × 108 
mol-1 dm3 s-1. The forward rate constant was calculated through Smoluchowski’s 
equation taking into account the necessary conditions for forming the inclusion complex, 
and the good agreement between calculated and experimental value was received. 
Therefore, the inclusion process was confirmed to proceed through a 
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diffusion-controlled reaction. 
    It is interesting to see how the backward rate constant, kb, depends on the structure 
of the guest molecules. The amino acids series used as guests for β-CD is L-leucine, 
L-isoleucine, L-methionine, and L-norleucine, which have an analogous hydrophobic 
part. L-methionine is the molecule in which one of the methylene carbons in 
L-norleucine is replaced by a sulfur atom. Since unshared electron pairs exist on the 
sulfur atom in L-methionine molecule, it is predicted that the complex between 
L-methionine and β-CD might be less stable than that between L-norleucine and β-CD. 
Indeed, such a distinction in the molecular recognition is accomplished when the host is 
α-CD because the reported equilibrium constants for these two amino acids are 
considerably different; K is 8.9 mol-1 kg for the L-methionine/α-CD system, and that for 
the L-norleucine/α-CD is 46 mol-1 kg.17 However, the equilibrium constant obtained in 
the present study for L-norleucine system is only slightly greater than for the 
L-methionine system, as is seen in Table 13. The reason may be due to the difference of 
the cavity size, which is intimated by the experimental facts that the inclusion complex 
with α-CD is more stable than that with β-CD.6,8 That is, the cavity size of β-CD may be 
too large to recognize precisely the difference between L-methionine and L-norleucine. 
On the other hand, it should be pointed out that the backward rate constant, kb, in 
L-methionine system is about twice as that for the L-norleucine system, which should 
reflect the difference in the hydrophobic portion of these two amino acids. L-leucine 
and L-isoleucine are the isomers of L-norleucine, having the branched hydrocarbon 
chain. It was also revealed that the guest molecules bearing branched chain are 
incorporated more snugly into the cavity when compared with those having normal 
chain. The fact leads to the smaller values of kb and greater K and the trends can also be 
understood in alcohol systems. From the results of present study, although they are not 
so intense, the values of kb in L-methionine and L-norleucine system are greater in 
comparison with L-isoleucine or L-leucine system. It is concluded that the isomeric 
effect in amino acid on the inclusion complex reaction with β-CD can be principally 
seen in the backward rate constant, kb, although they are not as prominent as is seen in 
C3 or C4 isomers of alcohol. In addition, it is also revealed that alcohol molecules can be 
included more firmly by β-CD than amino acid molecules bearing corresponding 
hydrophobic carbon chain. The fact that the pHs of the solutions correspond to the 
isoelectric points for these amino means that the amino acids are in their zwitterionic 
forms. The proximity of these charges to hydrophobic chain on the guest and to the 
hydroxyl groups at the annulus of the host of CD cavity would create a condition where 
penetration of the guest into the cavity would be difficult. 
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Next, the result in the dipeptide system with glycyl-leucine is considered. It is 
found that the excess absorption, A, are considerably great and the relaxation 
frequencies shift to much lower frequency range when compared with other systems. 
These tendencies may reflect the existence of the peptide bond in the structure. In detail, 
because the charge effect of the ammonium cation on the hydrophobic side chain group 
is decreased through the peptide bond between glycine and leucine (i.e. hydrophobic 
part and charged cation group are existed more distantly compared with amino acids 
which do not have peptide bond in their structure), the extent of incorporation of the 
dipeptide into the cavity of β-CD increases. Hence, glycyl-leucine molecule can be 
accommodated firmly by the cavity of β-CD, resulting in the reduced backward rate 
constant, kb, and consequently, leading to the greater equilibrium constant, K. 
    The following consideration arises from the results of the standard volume change 
of the reaction, ∆V. It was reported that the cavity of β-CD is able to accommodate 
approximately from 5 to 7 water molecules although the exact number is not 
known.25,28,92,100 When a guest molecule is incorporated into the cavity, certain number 
of water molecules in high energy state are released to bulk phase.1,2,6,20,25-28,63 The 
volume change of the reaction is simply derived as is expressed in Eq. 40. It is only 
possible to receive the absolute value of the standard volume change from the ultrasonic 
absorption measurement. González-Gaitano et al.29 precisely measured the solution 
density for surfactant and that with β-CD, from the result of which, the volume change 
for complexation reaction was found to be positive. Wilson and Verrall25 also explained 
reasonably the transfer volume change of surfactant using the displacement of 4 to 5 
water molecules from the cavity to bulk water, and the sign of volume change of the 
reactions with β-CD are all positive. 
    It is well known that the hydrophobic group of the guest molecule can be 
incorporated into the β-CD cavity. If four methylene groups of norleucine were included 
into the cavity (m = 3), then n ≈ 5.2, if the two of that were in that cavity (m = 2), then n 
≈ 4.3, from the above relationship for the volume change. It is seen that these 
estimations are close to the alkylammonium chloride and β-CD system. It may be 
concluded that four or five water molecules in average are released from the β-CD 
cavity when the guest molecules studied in this report are incorporated into the β-CD 
cavity. 
The obtained ∆V for the systems of amino acid with β-CD are relatively greater 
than those for the systems of compatible alcohols. One of the reasons may be due to the 
fact that amino acids could not enter into the hydrophobic cavity deeper compared to 
alcohol molecules, if the number of the expelled water molecules is similar. This is 
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because of the zwitterionic form of amino acids. In fact, more increased volume change 
was obtained for alkylammonium ion with β-CD system as is shown in Table 10 where 
the charge on guest molecule would cause an unfavorable condition for the penetration 
into the cavity. 
 
E. Acetylsalicylic acid with β-CD system 
    The association rate constants, kf, obtained for both aspirin systems were virtually 
the same value; approximately 7.5 × 108 mol-1 dm3 s-1. It was showed above that the 
association process to form the inclusion complex is well interpreted as 
diffusion-controlled reaction by applying Smoluchowski’s equation, Eq. 39. The value 
of diffusion coefficient of o-amino benzoic acid in water at 25 oC and 0.24 wt% (0.84 × 
10-9 m2 s-1) was used as a substitute for that of aspirin, DGST.94 The difference between 
those molecules should not be effective, since that is within the range of the common 
value of diffusion coefficient.94-99 The radius of aspirin molecule in water, rGST, was 
estimated by using molecular modeling computation software WinMOPAC v.3.0 
(Fujitsu, Co. Ltd), to be about 0.41 nm. Other reference values could be found92,93 and 
they were used to calculate the kD value. In consideration of the necessary condition for 
forming inclusion complex, it was obtained kD ≈ 8.4 × 108 mol-1 dm3 s-1, which is very 
close to those values obtained in this study for both aspirin systems. Additionally, as 
both aspirin systems have almost same kf values, it is certain that the association process 
is the diffusion-controlled process that host molecules do not recognize charge on guest 
molecules. The kD values for other CD systems in our previous studies are on the order 
of 8 ~ 9 × 108 mol-1 dm3 s-1 while the average kf values obtained by ultrasonic relaxation 
method is 3 × 108 mol-1 dm3 s-1. This might be due to the different hydrophobicity of the 
guest molecule. Most of the guest molecules used in the ultrasonic kinetic studies only 
possess relatively short hydrophobic carbon chain. The smaller experimentally obtained 
kf value compared to those of calculated kD intimated that a proportion of the guest 
molecule with such small hydrophobicity might not be included into the CD cavity even 
when it collides with the CD cavity. On the other hand, the hydrophobicity of benzene 
ring in aspirin is so high that once the aspirin molecule comes close to the entrance of 
the β-CD cavity, almost all the aspirin molecules were included into the cavity as is 
based on Smoluchowski’s equation. This might be supported by the hexylammonium 
ion with β-CD system in which the guest molecule has longer and higher hydrophobic 
part as the system showed large kf value approximately 6 × 108 mol-1 dm3 s-1. 
    The dissociation rate constant, kb, for both aspirin with β-CD systems are 
considerably small compared to other CD systems. As was previously mentioned that 
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the balance of a hydrophobicity and hydrophilicity due to the functional group are the 
most important factor for the kb value, leading to the stability of the inclusion complex 
since kf value were found not to be sensitive to a structure of host and guest molecules. 
The small kb values for both aspirin systems are well interpreted by the high 
hydrophobicity of the benzene ring of aspirin molecule because it has been reported that 
the kb value is sensitively and drastically decreased with an increase of hydrophobicity 
on a guest molecule. 
The molecular recognition kinetics study for the existence of charge on a guest 
molecule was carried out when propionic acid was selected as the guest molecule for 
β-CD as the host. The kb value for nonionized propionic acid system was surely smaller 
than that of ionized system. However, the difference seemed not to be enough to 
discriminate the existence of charge. In this study, the kb values obtained for nonionized 
and ionized aspirin systems are significantly different; the kb value for nonionized 
system is more than ten times smaller than that of ionized system. This is because the 
charge on carboxyl group in ionized aspirin can be delocalized to the whole adjacent 
benzene ring which is the representative π-conjugated system. Therefore, the charge can 
spread over the entire aspirin molecule and as a consequence, ionized aspirin can clearly 
be recognized by β-CD cavity. On the contrary, the charge in ionized propionic acid is 
limited to localize only on its carboxyl group since the alkyl group is electron-donating 
group. Accordingly, the charge effect in propionic acid is just turn out to be partial one, 
and the recognition by β-CD cavity is not so remarkable. Therefore, it can be said that 
β-CD is clearly able to recognize the existence of charge on aspirin molecule and it 
reflects only on the dissociation process from β-CD cavity. It was also reported that an 
ionization of NSAIDs drug such as aspirin, ibuprofen, and naproxen greatly reduce the 
stability constant for their complexation reaction with the host hydroxypropyl-β-CD.37,41 
The much smaller kb value and higher equilibrium constant, K, in acidic condition 
compared to those in neutral one indicate that a majority of aspirin is included into 
β–CD cavity and then it results in the fewer contact of aspirin molecule with gastric 
mucosa. When the solution pH is changed to a neutral condition that is equivalent to 
intestinal one, the fraction of aspirin accommodated into β-CD cavity is fairly decreased, 
and the β-CD still holding aspirin molecule into their cavity releases the guest more 
than ten times faster to outside the cavity than that in acidic condition. Therefore, it is 
expected that the coexistence of β-CD and aspirin reduces a gastric irritation and 
accelerates the absorption of aspirin in the intestine effectively.37 That is, β-CD can be 
used as transporting molecules for aspirin molecules. 
Next, the results of the standard volume change of the reaction, ∆V, are considered. 
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It was proposed that about 5 to 7 water molecules are originally located inside the β-CD 
cavity and some of the molecules are expelled when a guest molecule comes into the 
cavity. The positive factor for the obtained ∆V value is the number of ejected water 
molecules, n, and the negative factor is the included volume of a guest molecule into the 
cavity, Vincl. Consequently, the ∆V value is simply expressed by the following equation, 
 
                           .inclOH VnVV∆ 2 −=                         (41) 
 
Loftsson et al. studied structural analysis for the inclusion complex between β-CD and 
aspirin at 24 oC by using 1H NMR method in which the mole ratio of aspirin to β-CD 
(aspirin / β-CD) were 0.5, 1.0, and 2.0 and the β-CD concentration was kept constant at 
0.008 mol dm-3.37 These experimental conditions are comparable to this study. It was 
concluded that the benzene ring of aspirin is completely included into the cavity and the 
ester group stands somewhat out of the cavity during the complex formation with the 
support of the NMR and degradation kinetic studies. This report can be used for the 
nonionized aspirin system in the present study since aspirin is a weak acid. The molar 
volume of benzene in water at 25 oC was reported to be about 83 × 10-6 m3 mol-1,111,112 
which is turn out to be Vincl value in nonionized system. The sign of ∆V value obtainable 
from ultrasonic measurement is an absolute value. When β-CD and other β-CD 
derivative are used as host for their inclusion complex, it is said that the ∆V value is 
positive.25,29 Hence, the number of expelled water molecules is calculated to be about 
5.2 (n ≈ 5.2) for nonionized aspirin system. On the contrary, it can be considered that 
the ionized aspirin molecule is, to a certain degree, pulled out from the β-CD cavity 
compared to the case of inclusion complex between nonionized aspirin and β-CD. The 
reason may be explained below. The effect of pH on the degradation rate of aspirin at 
different concentrations of CDs showed that the inhibition effect of inclusion by CD on 
the hydrolysis is little or no effect at higher pH while slowed down significantly at 
acidic pH.37,41 Even more, the hydrolysis is greatly accelerated as the solution pH comes 
close to the condition of ionization of β-CD hydroxy groups.40 If the insertion depth of 
aspirin into the cavity is not changed, CD inclusion would function constantly as an 
inhibitor for the degradation of aspirin. Therefore, the included portion of aspirin 
molecule should be smaller than that in acidic condition. Consequently, the value of n 
for ionized aspirin system is estimated to be less than 5.1. 
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Figure 1. Schematic and Chemical Structure of β-CD. 
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Figure 3. The diagram of the resonance method. 
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Figure 5. The diagram of the pulse method. 
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Figure 6. Ultrasonic absorption spectra in aqueous solution of α-CD and 
β-CD at 25 oC; 
(c): 0.0087 mol dm-3 β-CD, 
(⊗): 0.0100 mol dm-3 α-CD. 
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Figure 7. Representative ultrasonic absorption spectra in aqueous solution 
of sec-propanol in the presence of β-CD at 25 oC. The arrows show the 
locations of relaxation frequency. 
(⊗): 0.050 mol dm-3 sec-propanol with 0.0087 mol dm-3 β-CD, 
(c): 0.100 mol dm-3 sec-propanol with 0.0087 mol dm-3 β-CD, 
(): 0.089 mol dm-3 sec-propanol with 0.0108 mol dm-3 β-CD. 
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Figure 8. Representative ultrasonic absorption spectra in aqueous solution 
of tert-butanol in the presence of 0.0087 mol dm-3 β-CD at 25 oC; 
(⊕): 0.010 mol dm-3 tert-butanol with β-CD, 
(c): 0.030 mol dm-3 tert-butanol with β-CD. 
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Figure 9. Representative ultrasonic absorption spectra in aqueous solution 
of nor-butanol in the presence of 0.0100 mol dm-3 α-CD at 25 oC; 
(⊕): 0.020 mol dm-3 nor-butanol with α-CD, 
(c): 0.050 mol dm-3 nor-butanol with α-CD. 
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Figure 10. Representative ultrasonic absorption spectra in aqueous solution 
of sec-butanol in the presence of 0.0100 mol dm-3 α-CD at 25 oC; 
(⊕): 0.010 mol dm-3 sec-butanol with α-CD, 
(c): 0.030 mol dm-3 sec-butanol with α-CD, 
(): 0.070 mol dm-3 sec-butanol with α-CD. 
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Figure 11. Plots of 2πfr vs {(KCCD + KCGST + 1)2 - 4K2CCDCGST}1/2 in 
aqueous solution of sec-propanol and tert-butanol in the presence of β-CD 
at 25 oC; 
(c): sec-propanol + 0.0087 mol dm-3 β-CD, 
(): tert-butanol + 0.0087 mol dm-3 β-CD, 
(): 0.060 mol dm-3 tert-butanol + 0.0060 mol dm-3 β-CD. 
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Figure 12. Plots of 2πfr vs {(KCCD + KCGST + 1)2 - 4K2CCDCGST}1/2 in 
aqueous solution of nor-butanol and sec-butanol in the presence of α-CD at 
25 oC; 
(⊕): nor-butanol + 0.0100 mol dm-3 α-CD, 
(c): 0.025 mol dm-3 nor-butanol + 0.0070 mol dm-3 α-CD, 
(): sec-butanol + 0.0100 mol dm-3 α-CD, 
(): 0.020 mol dm-3 sec-butanol + 0.0070 mol dm-3 α-CD. 
 
 
 
 
 93
1 10 100
f / MHz
/f
2  /
 1
0–
15
s2
m
–1
10
100
α
 
 
 
Figure 13. Representative ultrasonic absorption spectra in aqueous solution 
of nonionized propionic acid in the presence and absence of 0.0087 mol 
dm-3 β-CD at 25 oC (pH ≈ 1.8); 
(⊕): 0.100 mol dm-3 nonionized propionic acid only, 
(c): 0.0090 mol dm-3 nonionized propionic acid with β-CD, 
(): 0.020 mol dm-3 nonionized propionic acid with β-CD, 
(): 0.070 mol dm-3 nonionized propionic acid with β-CD. 
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Figure 14. Representative ultrasonic absorption spectra in aqueous solution 
of ionized propionic acid in the presence and absence of 0.0087 mol dm-3 
β-CD at 25 oC (pH ≈ 5.2); 
(⊕): 0.100 mol dm-3 ionized propionic acid only, 
(c): 0.030 mol dm-3 ionized propionic acid with β-CD, 
(): 0.060 mol dm-3 ionized propionic acid with β-CD, 
(): 0.080 mol dm-3 ionized propionic acid with β-CD. 
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Figure 15. Plots of 2πfr vs {(KCCD + KCGST + 1)2 - 4K2CCDCGST}1/2 in 
aqueous solution of propionic acid in the presence of β-CD at 25 oC; 
(⊗): nonionized propionic acid + 0.0087 mol dm-3 β-CD at pH ≈ 1.8, 
(): 0.030 mol dm-3 nonionized propionic acid + 0.0050 mol dm-3 β-CD at 
pH = 1.87, 
(c): ionized propionic acid + 0.0087 mol dm-3 β-CD at pH ≈ 5.2, 
(): 0.050 mol dm-3 ionized propionic acid + 0.0050 mol dm-3 β-CD at pH 
= 5.22. 
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Figure 16. Representative ultrasonic absorption spectra in aqueous solution 
of propionic acid at 25 oC; 
(c): 0.0050 mol dm-3 propionic acid at pH = 3.66, 
(): 0.100 mol dm-3 propionic acid at pH = 2.92. 
 
 
 
 
 
 
 
 97
0 0.0005 0.001 0.0015
0
40
80
2   2[H+] / mol dm–3
2
f r 
/ 1
06
s–
1
π
γ  
 
 
Figure 17. Plots of 2πfr vs 2γ2[H+] for aqueous solution of propionic acid. 
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Figure 18. Ultrasonic absorption spectra in aqueous solution of 
propylammonium chloride (PRACL) in the presence and absence of 0.0087 
mol dm-3 β-CD at 25 oC (pH ≈ 7.2); 
(): 0.400 mol dm-3 PRACL only, 
(c): 0.150 mol dm-3 PRACL + β-CD, 
(): 0.400 mol dm-3 PRACL + β-CD. 
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Figure 19. Representative ultrasonic absorption spectra in aqueous solution 
of butylammonium chloride (BUACL) in the presence and absence of 
0.0087 mol dm-3 β-CD at 25 oC (pH ≈ 7.2); 
(c): 0.400 mol dm-3 BUACL only, 
(): 0.140 mol dm-3 BUACL with β-CD, 
(): 0.320 mol dm-3 BUACL with β-CD. 
 
 
 
 100
1 10 100
f / MHz
/f
2  /
 1
0–
15
s2
m
–1
10
500
α 50
100
 
 
 
Figure 20. Representative ultrasonic absorption spectra in aqueous solution 
of pentylammonium chloride (PEACL) in the presence and absence of 
0.0087 mol dm-3 β-CD at 25 oC (pH ≈ 7.2); 
(⊕): 0.500 mol dm-3 PEACL only, 
(c): 0.100 mol dm-3 PEACL with β-CD, 
(): 0.200 mol dm-3 PEACL with β-CD, 
(): 0.400 mol dm-3 PEACL with β-CD. 
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Figure 21. Representative ultrasonic absorption spectra in aqueous solution 
of pentylammonium chloride (HEACL) in the presence and absence of 
0.0087 mol dm-3 β-CD at 25 oC (pH ≈ 7.2); 
(⊕): 0.200 mol dm-3 HEACL only, 
(c): 0.040 mol dm-3 HEACL with β-CD, 
(): 0.080 mol dm-3 HEACL with β-CD, 
(): 0.100 mol dm-3 HEACL with β-CD. 
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Figure 22. Plots of 2πfr vs {(KCCD + KCGST + 1)2 - 4K2CCDCGST}1/2 in 
aqueous solution of BUACL in the presence of 0.0087 mol dm-3 β-CD at 25 
oC. 
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Figure 23. Plots of 2πfr vs {(KCCD + KCGST + 1)2 - 4K2CCDCGST}1/2 in 
aqueous solution of PEACL in the presence of β-CD at 25 oC; 
(c): PEACL + 0.0087 mol dm-3 β-CD, 
(): 0.020 mol dm-3 PEACL + 0.0020 mol dm-3 β-CD. 
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Figure 24. Plots of 2πfr vs {(KCCD + KCGST + 1)2 - 4K2CCDCGST}1/2 in 
aqueous solution of HEACL in the presence of 0.0087 mol dm-3 β-CD at 25 
oC. 
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Figure 25. Representative ultrasonic absorption spectra in aqueous solution 
of L-leucine in the presence and absence of 0.0087 mol dm-3 β-CD at 25 
oC; 
(⊕): 0.100 mol dm-3 L-leucine only, 
(): 0.020 mol dm-3 L-leucine with β-CD, 
(c): 0.042 mol dm-3 L-leucine with β-CD, 
(): 0.160 mol dm-3 L-leucine with β-CD. 
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Figure 26. Representative ultrasonic absorption spectra in aqueous solution 
of L-norleucine in the presence and absence of 0.0087 mol dm-3 β-CD at 25 
oC; 
(⊕): 0.090 mol dm-3 L-norleucine only, 
(): 0.020 mol dm-3 L-norleucine with β-CD, 
(c): 0.050 mol dm-3 L-norleucine with β-CD, 
(): 0.090 mol dm-3 L-norleucine with β-CD. 
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Figure 27. Representative ultrasonic absorption spectra in aqueous solution 
of L-methionine in the presence and absence of 0.0087 mol dm-3 β-CD at 
25 oC; 
(⊕): 0.100 mol dm-3 L- methionine only, 
(): 0.040 mol dm-3 L- methionine with β-CD, 
(c): 0.070 mol dm-3 L- methionine with β-CD, 
(): 0.100 mol dm-3 L- methionine with β-CD. 
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Figure 28. Representative ultrasonic absorption spectra in aqueous solution 
of glycyl-L-leucine in the presence and absence of 0.0087 mol dm-3 β-CD 
at 25 oC; 
(⊕): 0.040 mol dm-3 glycyl-L-leucine only, 
(): 0.0050 mol dm-3 glycyl-L-leucine with β-CD, 
(c): 0.010 mol dm-3 glycyl-L-leucine with β-CD, 
(): 0.030 mol dm-3 glycyl-L-leucine with β-CD. 
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Figure 29. Plots of 2πfr vs {(KCCD + KCGST + 1)2 - 4K2CCDCGST}1/2 in 
aqueous solution of L-norleucine in the presence of 0.0087 mol dm-3 β-CD 
at 25 oC. 
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Figure 30. Plots of 2πfr vs {(KCCD + KCGST + 1)2 - 4K2CCDCGST}1/2 in 
aqueous solution of glycyl-L-leucine in the presence of β-CD at 25 oC; 
(c): glycyl-L-leucine + 0.0087 mol dm-3 β-CD, 
(): 0.030 mol dm-3 glycyl-L-leucine + 0.0050 mol dm-3 β-CD, 
(): 0.020 mol dm-3 glycyl-L-leucine + 0.0070 mol dm-3 β-CD. 
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Figure 31. Plots of 2RTµmax/πρv2 vs {1/[CD] + 1/[GST] + 1/[CDGST]}-1; 
(c): L-methionine system, 
(⊕): L-norleucine system. 
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Figure 32. Plots of 2RTµmax/πρv2 vs {1/[CD] + 1/[GST] + 1/[CDGST]}-1; 
(c): L-leucine system, 
(⊕): glycyl-L-leucine system. 
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Figure 33. Representative ultrasonic absorption spectra in aqueous solution 
of nonionized aspirin in the presence and absence of 0.0087 mol dm-3 β-CD 
at 25 oC (pH ≈ 1.7); 
(c): 0.012 mol dm-3 nonionized aspirin only, 
(): 0.003 mol dm-3 nonionized aspirin with β-CD, 
(⊕): 0.005 mol dm-3 nonionized aspirin with β-CD, 
(): 0.012 mol dm-3 nonionized aspirin with β-CD. 
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Figure 34. Representative ultrasonic absorption spectra in aqueous solution 
of ionized aspirin in the presence and absence of 0.0087 mol dm-3 β-CD at 
25 oC (pH ≈ 6.0); 
(c): 0.012 mol dm-3 ionized aspirin only, 
(): 0.005 mol dm-3 ionized aspirin with β-CD, 
(⊕): 0.008 mol dm-3 ionized aspirin with β-CD, 
(): 0.012 mol dm-3 ionized aspirin with β-CD. 
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Figure 35. Plots of 2πfr vs {(KCCD + KCGST + 1)2 - 4K2CCDCGST}1/2 in 
aqueous solution of nonionized and ionized aspirin in the presence of 
0.0087 mol dm-3 β-CD at 25 oC; 
(c): nonionized aspirin system, 
(): ionized aspirin system. 
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Figure 36. Plots of µmax vs ρv2{1/[CD] + 1/[GST] + 1/[CDGST]}-1; 
(c): nonionized aspirin system, 
(⊕): ionized aspirin system. 
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TABLE 1: Molecular Dimensions and Cavity Characteristics of 
Cyclodextrins92
 
Torus / nm        Surface area / nm2  Molecular Volume / nm3
Cyclodextrin  outer   inner   height    total   cavity    total   cavity   exp.*
α-CD      1.42    0.52    0.80     7.20   0.85     0.975   0.100   1.010 
β-CD      1.57    0.66    0.80     8.45   1.05     1.140   0.160   1.168 
γ-CD      1.73    0.84    0.80     9.60   1.40     1.305   0.250   1.330 
* : Apparent molar volume for dilute aqueous solutions.   
 
 
 
 
TABLE 2: Some Physicochemical Properties of the Cyclodextrins1
 
Cyclodextrin 
Property         α  β  γ 
No. glucose units   6  7  8 
Empirical formula (anhydrous)      C36H60O30     C42H70O35     C48H80O40
Mol wt (anhydrous)        972.85      1134.99      1297.14 
Heat capacity (anhyd solid), J mol-1 K-1 1153      1342      1568 
Heat capacity (infinite diln), J mol-1 K-1 1431      1783      2070 
pKa (25 oC)    12.33      12.20      12.08 
∆H° (ionization), kcal mol-1  8.36      9.98      11.22 
∆S° (ionization), cal mol-1  -28.3      -22.4      -17.6 
Solubility (water, 25 oC), mol dm-3 0.1211      0.0163      0.168 
∆H° (solution), kcal mol-1  7.67      8.31      7.73 
∆S° (solution), cal mol-1   13.8      11.7      14.7 
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TABLE 3: Ultrasonic Relaxation and Thermodynamic Parameters in 
Aqueous Solutions of sec-Propanol and tert-Butanol with β-CD at 25 oC 
CCD CGST      fr         A     B           ρ          v 
mol dm-3    MHz   10-15 s2 m-1        kg m-3         m s-1
β-CD + sec-Propanol system 
0.0087 0.020   8.3±1.0   12.9±1.1   21.3±0.1   1000.93±0.01   1501.4±0.7 
0.0087 0.025   8.1±1.1   13.2±1.3   21.8±0.1   1000.71±0.01   1501.5±0.6 
0.0087 0.030  12.0±0.8   13.5±0.5   21.1±0.1   1000.69±0.01   1501.8±0.9 
0.0087 0.050  17.6±1.9   15.4±0.4   21.8±0.1   1000.46±0.01   1502.5±0.6 
0.0087 0.060  16.7±1.1   19.3±0.7   20.0±0.2   1000.38±0.01   1503.3±1.0 
0.0087 0.075  15.0±0.6   18.3±0.5   21.7±0.1   1000.18±0.01   1503.6±0.5 
0.0087 0.100  15.8±0.3   20.6±0.2   21.4±0.1    999.94±0.01   1504.0±0.5 
0.0087 0.200  22.8±0.8   20.4±0.4   19.9±0.1   1000.27±0.01   1511.5±0.6 
0.0087 0.300  22.4±0.7   15.0±0.4   22.9±0.1    997.81±0.01   1514.6±1.0 
0.0087 0.400  44.2±0.9   11.3±0.3   21.2±0.2    996.81±0.01   1517.3±0.8 
0.0108 0.049  15.5±1.8   15.6±1.1   22.4±0.1   1000.95±0.01   1501.9±0.7 
(13.2)a
0.0108 0.089  15.4±0.9   24.6±0.9   21.6±0.1   1000.94±0.01   1504.6±0.7 
(15.8)a
0.0050 0.050  13.5±1.5   9.4±0.5    21.7±0.1    998.83±0.01   1502.4±0.9 
(13.1)a
 
β-CD + tert-Butanol system 
0.0087 0.010   2.3±0.2   27.7±2.9   22.8±0.1   1000.74±0.01   1495.1±0.8 
0.0087 0.020   2.6±0.2   32.1±2.3   22.4±0.1   1000.59±0.01   1495.7±0.8 
0.0087 0.030   2.9±0.2   32.2±2.4   22.4±0.1   1000.47±0.01   1496.5±0.8 
0.0087 0.040   3.6±0.2   24.7±1.3   22.5±0.1   1000.35±0.01   1497.2±0.8 
0.0087 0.050   4.2±0.2   21.8±1.2   22.6±0.1   1000.19±0.01   1497.7±0.7 
0.0060 0.060   5.1±0.3   11.1±0.6   22.4±0.1    998.89±0.01   1498.0±0.7 
(4.7)a
 
a Calculated values using determined parameters through Eq. 25. 
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TABLE 4: Ultrasonic Relaxation and Thermodynamic Parameters in 
Aqueous Solutions of nor-Butanol and sec-Butanol with α-CD at 25 oC 
CCD CGST      fr         A     B           ρ          v 
mol dm-3    MHz   10-15 s2 m-1        kg m-3         m s-1
α-CD + nor-Butanol system 
0.0100 0.010   2.0±0.3   23.3±3.8   22.4±0.1   1000.36±0.01   1495.8±0.8 
0.0100 0.020   2.2±0.3   26.7±4.2   22.5±0.1   1000.24±0.01   1495.9±0.8 
0.0100 0.030   2.8±0.3   20.3±2.7   22.6±0.1   1000.13±0.01   1496.8±0.8 
0.0100 0.040   3.5±0.4   15.5±2.0   22.5±0.1    999.98±0.01   1497.1±0.8 
0.0100 0.050   4.7±0.6   10.9±1.2   22.6±0.1    999.89±0.01   1498.3±1.0 
0.0070 0.025   2.4±0.4   16.5±3.2   22.4±0.1    999.14±0.01   1496.0±0.8 
(2.7)a
 
α-CD + sec-Butanol system 
0.0100 0.010   2.4±0.2   22.9±2.8   22.6±0.1   1000.35±0.01   1496.8±0.7 
0.0100 0.030   3.4±0.2   30.0±1.5   22.5±0.1   1000.11±0.01   1498.2±0.8 
0.0100 0.040   3.9±0.2   27.6±1.8   22.2±0.1   1000.00±0.01   1497.0±0.8 
0.0100 0.050   4.3±0.2   24.5±1.1   22.8±0.1    999.90±0.01   1500.6±0.9 
0.0100 0.070   5.3±0.3   20.3±1.0   22.4±0.1    999.64±0.01   1498.9±0.7 
0.0070 0.020   2.8±0.2   22.0±2.1   22.2±0.1    998.20±0.01   1495.2±0.8 
(2.8)a
 
a Calculated values using determined parameters through Eq. 25. 
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TABLE 5: The Rate and Thermodynamic Constants for Host-Guest 
Complexation between α- or β-CD and Alcohols at 25 oC 
kf           kb           K          ∆V 
Host   Guest        108 mol-1 dm3 s-1    107 s-1        mol-1 dm3   10-6 m3 mol-1
α-CD nor-Propanola      2.7±1.2       1.7±0.3    16±7      5.0±0.6    
α-CD nor-Butanol      5.5±0.3      0.46±0.01   120±4      4.1±0.2    
α-CD nor-Butanolb      4.2          0.55      72.8       1.5    
α-CD sec-Butanol      3.5±0.1      1.02±0.01   34.2±0.5    4.9±0.2    
α-CD nor-Pentanolb      3.6        0.12      302        3.1  
 
 
β-CD nor-Propanolc      5.1±0.7      12.1±0.7    4.2±0.6   12.5±0.3    
β-CD sec-Propanol      4.4±0.4       5.9±0.3    7.5±0.7    9.4±1.0    
β-CD 2-Methyl-1-propanold  4.2±0.1    1.50±0.03   27.9±0.7   11.0±0.2    
β-CD nor-Butanole      2.8±0.8       3.8±0.6    7.2±2.0   11.1±1.0    
β-CD sec-Butanold      3.2±0.1      2.82±0.03   11.5±0.2    9.3±0.2    
β-CD tert-Butanol      3.6±0.1      0.85±0.01   42.6±1.0   4.94±0.04    
 
a Reported values in ref 78. b ref 33. c ref 75. d ref 77. e ref 76. 
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TABLE 6: Ultrasonic Relaxation and Thermodynamic Parameters in 
Aqueous Solutions of Propionic Acid with β-CD at 25 oC 
CCD CGST     fr        A       B          ρ          v        pH 
mol dm-3   MHz        10-15 s2 m-1    kg m-3  m s-1
β-CD + Nonionized propionic acid system 
0.0087 0.0090 11.2±0.6   18.8±0.6  22.5±0.1  1001.28±0.01  1501.0±0.8  1.94 
0.0087 0.020 12.4±0.2   34.5±0.3  21.5±0.1  1001.37±0.01  1501.5±0.6  1.85 
0.0087 0.040 13.4±0.3   51.1±0.6  20.6±0.1  1001.46±0.01  1502.2±0.7  1.88 
0.0087 0.050 14.8±0.4   51.9±0.8  21.4±0.1  1001.52±0.01  1502.6±0.8  1.83 
0.0087 0.070 14.6±0.4   56.5±0.8  21.2±0.1  1001.59±0.01  1502.8±0.7  1.83 
0.0087 0.080 15.3±0.3   58.4±0.5  19.8±0.1  1001.66±0.01  1503.3±0.8  1.84 
0.0087 0.100 16.5±0.2   55.8±0.4  21.8±0.1  1001.74±0.01  1503.7±0.7  1.84 
0.0050 0.030 11.8±0.4   26.0±0.5  21.5±0.1   999.74±0.01  1501.1±0.8  1.87 
(12.9)a
 
β-CD + Ionized propionic acid system 
0.0087 0.030 13.9±0.6   18.7±0.4  22.5±0.1  1002.08±0.01  1503.1±0.8  5.20 
0.0087 0.040 15.0±0.4   22.5±0.4  22.3±0.1  1002.32±0.01  1504.1±0.6  5.21 
0.0087 0.060 14.9±0.4   30.1±0.4  22.3±0.1  1002.91±0.01  1505.8±0.8  5.21 
0.0087 0.070 15.4±0.4   33.1±0.5  22.3±0.1  1003.22±0.01  1506.4±0.9  5.20 
0.0087 0.080 15.5±0.3   36.9±0.4  22.2±0.1  1003.55±0.01  1507.6±0.7  5.21 
0.0087 0.090 16.1±0.3   38.6±0.5  22.5±0.1  1003.86±0.01  1508.3±0.7  5.20 
0.0050 0.050 15.0±0.5   15.1±0.3  22.1±0.1  1000.96±0.01  1504.3±0.9  5.22 
(14.7)a
 
Propionic acid system 
0.005  3.5±1.2    8.1±3.1  22.3±0.1   997.07±0.01  1498.8±0.7  3.66 
0.010  6.4±0.9    9.8±1.1  20.6±0.1   997.11±0.01  1499.5±0.8  3.48 
0.030  9.4±0.6   10.3±0.4  20.7±0.1   997.23±0.01  1500.3±0.8  3.21 
0.050 10.9±0.5   10.0±0.3  20.7±0.1   997.36±0.01  1501.0±0.7  3.11 
0.080 12.0±0.8   11.4±0.4  20.7±0.1   997.53±0.01  1502.0±0.7  3.06 
0.100 11.3±0.8    9.8±0.4  21.6±0.1   997.69±0.01  1502.7±0.7  2.92 
 
a Calculated values using determined parameters through Eq. 25. 
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TABLE 7: The Rate and Thermodynamic Constants for Host-Guest 
Complexation between β-CD and Propionic acid at 25 oC 
kf           kb           K          ∆V 
         108 mol-1 dm3 s-1   107 s-1        mol-1 dm3   10-6 m3 mol-1
Nonionized propionic acid   3.6±0.1       6.7±0.1   5.3±0.2     17.8±0.7 
Ionized propionic acid    1.9±0.1      8.19±0.04   2.4±0.1     16.2±0.1 
 
 
TABLE 8: The Rate and Thermodynamic Constants of 
Proton-Transfer Reaction in Aqueous Solution of Propionic Acid at 25 
oC 
   k12           k21         K21      K32     Kaa       Kab      ∆V 
1010 mol-1 dm3 s-1  107 s-1   10-4 mol-1 dm3  10-2     10-5 mol-1 dm3   10-6 m3 mol-1
  4.2±0.6      1.5±0.7   3.5±2.2  2.6±0.8 0.98±0.08  1.334    15±2 
 
a From Eq. 35. b From ref 113. 
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TABLE 9: Ultrasonic Relaxation and Thermodynamic Parameters in 
Aqueous Solutions of BUACL, PEACL, and HEACL with β-CD at 25 
oC 
CCD CGST     fr        A       B          ρ          v        pH 
mol dm-3   MHz        10-15 s2 m-1    kg m-3  m s-1
β-CD + BUACL system 
0.0087 0.100 38.9±1.6    9.1±0.4  21.7±0.1  1001.54±0.01  1509.2±0.5  7.23 
0.0087 0.140 40.1±2.8   10.2±0.7  21.6±0.1  1001.61±0.01  1513.3±0.5  7.36 
0.0087 0.180 41.9±1.9   12.9±0.6  20.6±0.1  1001.69±0.01  1519.2±0.9  7.16 
0.0087 0.200 42.0±1.3   16.6±0.5  21.4±0.1  1001.54±0.01  1518.0±0.7  7.10 
0.0087 0.252 42.2±1.0   20.4±0.4  21.1±0.1  1002.17±0.01  1525.4±0.4  7.33 
0.0087 0.300 44.4±1.4   19.0±0.6  21.0±0.1  1002.85±0.01  1530.1±0.6  7.24 
0.0087 0.320 42.3±0.8   20.8±0.4  21.2±0.1  1003.04±0.01  1533.8±0.4  7.15 
0.0087 0.380 43.6±1.9   28.3±1.3  20.7±0.1  1003.25±0.01  1538.6±0.4  7.45 
0.0087 0.400 42.4±1.1   22.7±0.6  21.3±0.1  1003.85±0.01  1539.1±0.4  7.21 
 
β-CD + PEACL system 
0.0087 0.020 10.0±0.4   59.7±1.8  21.8±0.1  1001.04±0.01  1500.0±0.5  7.29 
0.0087 0.030 12.7±0.2   78.3±1.0  21.0±0.1  1001.12±0.01  1501.4±0.4  7.17 
0.0087 0.048 13.1±0.3   96.1±1.6  22.0±0.1  1001.18±0.01  1502.9±0.5  7.12 
0.0087 0.080 15.5±0.3  105.4±1.6  21.4±0.1  1001.30±0.01  1505.1±0.6  7.02 
0.0087 0.100 15.4±0.3  108.5±1.6  21.3±0.1  1001.30±0.01  1509.3±0.5  7.19 
0.0087 0.200 17.9±0.3   76.9±1.4  21.5±0.1  1001.52±0.01  1519.4±0.7  7.29 
0.0087 0.300 27.0±0.7   52.1±1.3  20.9±0.1  1002.14±0.01  1529.5±0.6  7.17 
0.0087 0.400 28.3±0.5   35.5±0.7  21.7±0.1  1002.30±0.01  1541.5±0.6  7.37 
0.0020 0.020  8.5±0.4   14.7±0.4  22.0±0.1   998.02±0.01  1497.6±0.4  7.02 
 
β-CD + HEACL system 
0.0087 0.020 2.92±0.04   459±8   22.4±0.2  1001.54±0.01  1499.0±0.4  7.13 
0.0087 0.040 4.33±0.08   295±5   21.6±0.2  1001.61±0.01  1501.8±0.5  7.02 
0.0087 0.050 4.55±0.09   278±4   24.3±0.1  1001.69±0.01  1504.4±0.5  7.32 
0.0087 0.060 4.55±0.09   256±4   22.3±0.1  1001.54±0.01  1504.9±0.6  7.00 
0.0087 0.070 6.70±0.11   186±3   22.1±0.2  1002.17±0.01  1504.4±0.4  7.08 
0.0087 0.080 7.21±0.11   149±2   22.1±0.1  1002.85±0.01  1506.7±0.4  7.18 
0.0087 0.100 10.2±0.2     89±1   20.9±0.1  1002.83±0.01  1510.2±0.6  7.38 
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TABLE 10: The Rate and Thermodynamic Constants for Host-Guest 
Complexation between β-CD and Alkylammonium Ions at 25 oC 
kf           kb           K          ∆V 
         108 mol-1 dm3 s-1   107 s-1        mol-1 dm3   10-6 m3 mol-1
Butylammonium ion      0.8±0.1    24.3±0.1 0.33±0.02     25.6±4.2 
Pentylammonium ion      3.0±0.1     6.5±0.1  4.7±0.2       20±5 
~8b
Hexylammonium ion      5.8±0.2    0.48±0.01    122±4        23±5 
65±16b
 
b From ref 109. 
 
TABLE 11: Ultrasonic Relaxation and Thermodynamic Parameters in 
Aqueous Solutions of L-norleucine and Glycyl-L-leucine with β-CD at 
25 oC 
CCD CGST     fr        A       B          ρ          v        pH 
mol dm-3   MHz        10-15 s2 m-1    kg m-3  m s-1
β-CD + L-norleucine system 
0.0087 0.020 13.4±0.3   19.8±0.3  22.3±0.1  1001.42±0.01  1498.4±0.7  6.02 
0.0087 0.030 15.3±0.3   27.2±0.3  22.6±0.1  1001.61±0.01  1501.0±0.8  6.22 
0.0087 0.040 16.0±0.4   34.2±0.4  22.2±0.1  1001.83±0.01  1501.8±0.8  6.14 
0.0087 0.050 15.9±0.2   42.5±0.3  21.9±0.1  1002.08±0.01  1502.9±0.7  6.16 
0.0087 0.080 16.7±0.3   59.9±0.6  22.2±0.1  1002.76±0.01  1506.1±0.9  6.17 
0.0087 0.090 17.1±0.4   63.7±0.9  22.0±0.2  1003.01±0.01  1507.0±0.8  6.12 
 
β-CD + Glycyl-L-leucine system 
0.0087 0.0050 1.75±0.05   197±8   22.4±0.1  1001.16±0.01  1500.7±0.8  5.93 
0.0087 0.010 1.83±0.04   359±9   22.4±0.1  1001.50±0.01  1502.0±0.5  5.95 
0.0087 0.020 1.98±0.03   470±8   22.8±0.1  1001.85±0.01  1502.6±0.8  5.83 
0.0087 0.030 2.20±0.03   496±8   23.0±0.1  1002.29±0.01  1504.0±0.9  5.85 
0.0087 0.040 2.41±0.03   490±7   22.9±0.1  1002.78±0.01  1505.1±0.6  5.81 
0.0050 0.030 2.08±0.03   322±5   22.6±0.1  1000.72±0.01  1503.6±0.7  5.79 
(2.16)a
0.0070 0.020 1.93±0.03   389±7   22.4±0.1  1001.08±0.01  1502.0±0.7  5.94 
(1.99)a
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TABLE 12: Ultrasonic Relaxation and Thermodynamic Parameters in 
Aqueous Solutions of L-leucine and L-methionine with β-CD at 25 oC 
CCD CGST     fr        A       B          ρ          v        pH 
mol dm-3   MHz        10-15 s2 m-1    kg m-3  m s-1
β-CD + L-leucine system 
0.0087 0.010 12.1±0.7   12.7±0.4  20.8±0.1  1001.15±0.01  1502.2±0.5  5.71 
0.0087 0.016 13.5±0.4   16.9±0.3  20.4±0.1  1001.27±0.01  1503.0±0.6  5.80 
0.0087 0.020 12.7±0.5   20.3±0.4  21.3±0.1  1001.39±0.01  1503.4±0.5  5.84 
0.0087 0.026 13.8±0.7   24.8±0.8  20.0±0.1  1001.55±0.01  1503.9±0.6  5.85 
0.0087 0.042 12.0±0.4   32.0±0.6  23.2±0.1  1001.91±0.01  1506.1±0.6  5.92 
0.0087 0.071 13.2±0.3   50.7±0.7  22.5±0.2  1002.62±0.01  1509.0±0.5  5.78 
0.0087 0.079 11.9±0.3   55.2±0.9  22.2±0.1  1002.77±0.01  1509.7±0.8  5.83 
0.0087 0.100 12.1±0.3   63.5±1.0  23.0±0.1  1003.30±0.01  1512.0±0.4  5.92 
0.0087 0.120 12.9±0.3   72.1±1.0  21.5±0.1  1003.76±0.01  1514.2±0.9  5.97 
0.0087 0.130 12.8±0.4   73.2±1.0  22.5±0.2  1004.08±0.01  1515.0±0.8  5.91 
0.0087 0.150 12.6±0.4   80.2±2.0  23.3±0.2  1004.45±0.01  1517.0±0.6  5.80 
0.0087 0.160 11.3±0.3   83.1±2.0  23.0±0.1  1004.47±0.01  1518.2±0.8  5.96 
 
β-CD + L-methionine system 
0.0087 0.030 22.8±1.1   11.1±0.3  22.0±0.1  1002.23±0.01  1500.3±0.8  5.92 
0.0087 0.040 20.7±0.6   13.5±0.2  22.3±0.1  1002.66±0.01  1500.9±0.8  5.92 
0.0087 0.050 24.6±0.9   16.0±0.4  21.6±0.1  1003.07±0.01  1502.6±0.9  5.93 
0.0087 0.070 23.8±0.4   20.8±0.2  22.0±0.1  1004.03±0.01  1504.0±0.7  6.02 
0.0087 0.080 24.2±0.6   22.6±0.3  21.7±0.1  1004.45±0.01  1504.3±0.8  5.87 
0.0087 0.090 24.6±0.5   24.7±0.3  21.8±0.1  1004.58±0.01  1505.8±0.8  5.89 
0.0087 0.100 23.5±0.3   25.1±0.2  22.3±0.1  1005.15±0.01  1507.5±0.8  5.91 
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TABLE 13: The Rate and Thermodynamic Constants for Host-Guest 
Complexation between β-CD and Amino acid or Peptide at 25 oC 
kf             kb             K           ∆V 
          108 mol-1 dm3 s-1     107 s-1           mol-1 dm3   10-6 m3 mol-1
L-leucine  (2.6)  (7.9±0.3) (3.3)       (16.3±2.7) 
L-isoleucinea  2.9±0.3  5.9±0.2  4.9±0.4    10±1 
L-methionine  (3.7)       (14.8±0.6) (2.5)       (15.4±3.5) 
L-norleucine  2.7±0.2  8.3±0.1  3.3±0.2  18.6±0.4 
Glycyl-L-leucine       1.38±0.01      0.92±0.03      15.0±0.2  19.2±0.6 
 
a From ref 81. 
 
TABLE 14: Ultrasonic Relaxation and Thermodynamic Parameters in 
Aqueous Solutions of Aspirin with β-CD at 25 oC 
CCD CGST     fr        A       B          ρ          v        pH 
mol dm-3   MHz        10-15 s2 m-1    kg m-3  m s-1
β-CD + Nonionized aspirin system 
0.0087 0.003 1.01±0.05   231±19  22.5±0.1  1001.47±0.01  1493.6±0.8  1.75 
0.0087 0.005 0.95±0.05   388±35  22.9±0.1  1001.54±0.01  1496.9±0.8  1.74 
0.0087 0.008 0.92±0.02   569±16  22.6±0.1  1001.61±0.01  1493.6±0.7  1.76 
0.0087 0.010 0.98±0.03   584±30  22.7±0.1  1001.68±0.01  1497.3±0.8  1.74 
0.0087 0.012 1.08±0.05   541±44  23.0±0.1  1001.73±0.01  1498.4±0.8  1.74 
 
β-CD + Ionized aspirin system 
0.0087 0.003 4.17±0.22  19.7±1.1  22.2±0.1  1001.20±0.01  1494.0±0.8  6.09 
0.0087 0.005 3.94±0.16  30.1±1.3  22.7±0.1  1001.35±0.01  1495.7±0.8  6.02 
0.0087 0.008 4.09±0.16  41.8±1.6  22.4±0.1  1001.57±0.01  1497.5±0.8  5.97 
0.0087 0.010 3.81±0.07  51.3±1.0  22.5±0.1  1001.76±0.01  1494.7±0.8  5.95 
0.0087 0.012 3.76±0.13  58.1±2.0  22.5±0.1  1001.84±0.01  1496.1±0.8  6.05 
 
TABLE 15: The Rate and Thermodynamic Constants for Host-Guest 
Complexation between β-CD and Aspirin at 25 oC 
kf             kb             K           ∆V 
          108 mol-1 dm3 s-1     106 s-1           mol-1 dm3   10-6 m3 mol-1
Nonionized aspirin 7.21±0.04 1.31±0.03 549±2   14.4±0.1 
Ionized aspirin  7.69  15.1  51   8.6±0.1 
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CHAPTER III 
Threading Process between α-CD and Triblock Copolymer F127 
by Optical Absorbance Measurement 
 
1. Abstract 
 
The interaction of α-CD with triblock copolymer Pluronic F127 was studied over a 
wide range of temperatures in terms of UV absorbance measurement. Absorbance 
change of 1,6-diphenyl-1,3,5-hexatrien (DPH) corresponding to the formation of 
complex was not observed when the host is β-CD. The critical micellisation 
concentration (CMC) and critical micellisation temperature (CMT) values for F127 
were determined using DPH as a probe dye. This probe locates into the core of the 
micelle, which is much in hydrophobic environment, above the CMT with large change 
in absorption and fluorescence spectra. The threading times for α-CD interacting with 
F127 were determined again over the range of temperatures. It was found that the 
formation of inclusion complex between α-CD and F127 was favored in the region of 
the CMT. The effect of the dye, DPH, on the complex was also observed as an 
inhibiting molecule. Tentative interpretations for the mechanism of the interaction 
process are discussed. 
 
2. Introduction 
 
Another aspect of CD shown in the present thesis is the formation of inclusion 
complex between α-CD as host and triblock copolymer Pluronic F127 as guest, which is 
so called polypseudorotaxan. Recently, extensive studies of polyrotaxan systems have 
been carried out because their structures and properties are significant for 
supramolecular and biological chemistry in such areas as membrane chemistry, 
enzyme-substrate complex formation and so forth.1,2 Polypseudorotaxan can be 
obtained when cyclic compounds (host) are threaded by linear polymer molecule with 
no bulky stoppers at each end (guest). The main driving force to produce the complex is 
noncovalent hydrophobic interaction between host and guest molecules. The systems 
between CDs and several linear polymers (schematic formation is shown in Fig. 1) have 
been investigated in detail over recent years. 
Harada et al. observed inclusion complexes between α-CD and polyethylene glycol 
(PEG) with molecular weights more than 300, however, no complexes were observed 
with the lower molecular weight analogs, ethylene glycol, diethyl glycol, and triethyl 
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glycol.3,4 β-, and γ-CD are able to form inclusion complexes with polypropylene glycol 
(PPG) in high yield, while α-CD can not form with any molecular weight of PPG. Only 
γ-CD can form inclusion complexes with polymethyl vinyl ether (PMVE) of which the 
constituted monomer [-CH2CH(OCH3)-] is slightly larger in size than that of PPG 
[-CH2CHO(CH3)-].2,5 CDs in complexation systems, therefore, have sensitive 
recognition for a polymer structure. Moreover, so called molecular necklace between 
α-CD and PEG which has 2,4-dinitrofluorobenzene at each end to prevent dethreading 
of CDs, and molecular tubes in which adjacent CDs were linked with free cavities have 
also been reported.6,7 
    Lo Nostro et al. reported that the threading process between CDs and several linear 
polymers were favored in low temperatures and a solvent with strong hydrogen bonded 
network (D2O > H2O > urea aqueous solution).8,9
Non-ionic triblock copolymers of Pluronic series (Pluronic is a commercial name) 
are composed of central located poly (propylene oxide) (PPO) block and two poly 
(ethylene oxide) (PEO) blocks at each end as shown in Fig. 2. Thus, the structure can 
simply be expressed as PEO-PPO-PEO. The PPO block shows relatively low 
hydrophilicity at low temperatures.10 However, hydrophobic character is increased as 
the temperature is raised. Because of the different hydrophobic nature of PPO and PEO 
moieties, triblock copolymers are able to form micelles above CMC and CMT.10-13 The 
CMC and CMT values of aqueous triblock copolymers strongly depend on their 
composition, ambient temperature, and molecular weight.11,13 The micelles have been 
revealed to have a central core occupied by essentially dehydrated PPO and a swollen 
shell dominated by hydrated PEO blocks.10-13
In the research, α-CD and Pluronic F127 (EO102-PO62-EO102) have been chosen as 
host and guest respectively. Firstly, the CMC values of Pluronic F127 at wide 
temperature range were estimated using the dye DPH. And then, the nature of threading 
process between these molecules over a wide temperature range was observed by means 
of optical absorbance measurement, that is, covering below the CMT region, in the 
CMT region, and above the CMT region. β-CD was employed as host molecule, 
however, no absorbance change was observed. Also, the effect of the dye used in 
determination of CMC and CMT on the formation of polypseudorotaxan was 
investigated. 
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3. Experiments 
 
A. Chemicals and apparatus 
α-CD was purchased from Sigma, Pluronic F127 (EO102-PO62-EO102) was from 
BASF, and DPH (purity 98 %, Mw. 232.33) from Aldrich. All the chemicals were used 
without further purification. All the sample solutions were prepared by weighing and 
dissolved with water from a MilliQ system. Methanol (Mw. 32.04) from Fisher Chem. 
was used as a solvent for making stock solution of DPH. Absorbance measurements 
were carried out using Hewlett Packard HP8452A Diode Array Spectrophotometer. The 
temperature was controlled within ±0.1 oC by HAAKE F3 thermostat bath. 
 
B. Determination of CMC and CMT 
It is well known that the dye DPH can be a good probe to determine CMC and 
CMT values. When DPH is added to a solution in the presence of micelles of Pluronics, 
the DPH shows strong fluorescence, which is due to the fact that DPH molecules are 
incorporated into the hydrophobic environment (core) of the micelles. In contrast, low 
fluorescence and absorbance are observed below the CMC and CMT. Utilizing this 
property, in the so-called dye solubilization method,11 the CMC values were estimated 
at different temperatures. The absorbance for each F127/DPH solution at 356 nm, which 
is the most intense peak of DPH, was recorded by means of a UV-visible 
spectrophotometer. All the F127 solutions used to determine the CMC were containing 
4 × 10-3 mmol dm-3 DPH solution and 1 % volume content methanol, since stock 
solutions of DPH were prepared in methanol (DPH is insoluble in water at mmol dm-3 
level). No effect of added methanol has been reported.11 The absorbance at 356 nm was 
plotted against the logarithm of the Pluronic concentration. From the first inflection of 
the typical sigmoidal curve, CMC values were estimated. 
 
C. Measurement for threading process 
Solutions of the fixed concentration of α-CD (125.7 mmol dm-3) and F127 (1.59 
mmol dm-3) or F127/DPH (1.59 mmol dm-3/8 × 10-3 mmol dm-3) were prepared and 
each of them were mixed 1 : 1 in a thermostated cuvette. When the solution of F127 
(1.59 mmol dm-3) is diluted by half, the CMT comes to be approximately around 298 K, 
which can be seen in Table 1. The absorbance changes at 400 nm against time were 
measured every 5 seconds by a UV-visible spectrophotometer. The threading time may 
be arbitrarily defined as the time taken for the absorbance to increase by 0.05 compared 
to the average absorbance taken at the start of the experiment (from 0 to 50 s). It was 
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not thought to be necessary to buffer the solutions for any measurements. 
 
 
4. Results 
 
Fig. 3 shows representative absorption spectra in aqueous solutions of F127 
containing 4 × 10-3 mmol dm-3 DPH. As can be seen from this figure, at higher 
concentration of F127 (above the CMC), three peaks typically appear, which is related 
to the incorporation of DPH molecules into the hydrophobic environment (core) of the 
micelles. On the contrary, at lower concentration of F127, the characteristic peaks do 
not appear indicating that no micelles are formed. Fig. 4 shows plots of the absorbance 
of F127/DPH solutions versus logarithm of the concentration of F127 from which the 
CMC value can be estimated. The CMC at various temperatures were obtained in the 
same way. In Table 1, the results are listed along with literature values. It is obvious that 
they are in reasonably good agreement. The CMT values should be measured by 
changing the temperature in a system, however, about 298 K is taken as the CMT value 
around 0.7 mmol dm-3 concentration condition seen in Table 1. 
    The threading process between α-CD (62.9 mmol dm-3) and F127 (0.79 mmol 
dm-3) or F127/DPH (0.79 mmol dm-3/4×10-3 mmol dm-3) was monitored in terms of the 
absorbance change at different temperatures. The former spectra are summarized in Fig. 
5 and the latter at 298 K is shown as an example in Fig. 6. The estimated threading 
times are seen conveniently in Fig. 7 and also shown in Table 2. The absorbance 
experiments have been done when the host is β-CD. The PO units are exclusively 
included by β-CD as described above, however, no absorbance change was seen 
between β-CD and F127 even any concentration gradients were attempted. This may be 
because the short PPO segment is located at the center between longer PEO chains, 
which can not interact with β-CD. 
    In order to examine the effect of DPH molecules on the formation of 
polypseudorotaxan, several more experiments have been carried out. Fig. 8 shows the 
absorbance spectrum at 298 K in which α-CD (125.7 mmol dm-3) and DPH (8 × 10-3 
mmol dm-3) are mixed 1 : 1, and that of α-CD (62.9 mmol dm-3) and DPH (4 × 10-3 
mmol dm-3) respectively. Due to the appearance of typical three peaks, DPH molecules 
are believed to be locate into the cavity of α-CD and the incorporation is accomplished 
within 60 s shown in Fig. 9, which is the absorbance change against time between 
several concentration of α-CD and 4 × 10-3 mmol dm-3 DPH performed by stopped-flow 
method. Fig. 10 shows the absorbance change against time in the solution of F127/DPH 
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(0.79 mmol dm-3/4 × 10-3 mmol dm-3) diluted by half with water at 298 K. This result 
indicates that the number of micelles is decreased because of the dilution as the micelles 
switch to monomers. The same experiment has been done at 308 K. However, no 
absorbance change was observed. At the condition, the corresponding CMC is too low 
to significantly change the DPH environment. Related to these results, in a mixed 
α-CD/F127/DPH system, it is derived that DPH molecules can escape from the micelles, 
and subsequently, are accommodated into the hydrophobic cavity of α-CD directly. 
 
5. Discussions 
 
    As are indicated in Fig. 7 and Table 2, it is found that the threading times in the 
CMT region are much faster than those observed above and below the CMT region.  
    Firstly, the result obtained below the CMT region is discussed. Below the CMT 
region, which corresponds to the temperature range from 283 K to 293 K in this present 
work, only very small kinetic differences are seen (almost same within experimental 
error) for the threading process. There are two important factors for the formation of a 
polypseudorotaxan: one is the temperature of the system and the other is the shape of 
the F127 molecules. The lower the temperature, the more linear the F127 molecules 
might be.14 However, on the other hand, the translational diffusion of the molecules of 
α-CD and F127 in water are progressively reduced. The reason why only small 
differences are observed for the threading times below the CMT region may be 
explained by the balance between two factors (temperature of system and the shape of 
molecules) in this region. Another possible reason is explained as follows. In a past 
paper,11 the PPO and PEO effect of several Pluronic molecules on the formation of 
micelles has been investigated. It was concluded that micelle formation becomes more 
difficult for Pluronic molecules which have a larger proportion of the PEO moiety (i.e. 
the greater the proportion of PEO, the higher the CMC and CMT and vice versa). 
Considering the micelle structure, the PPO segment, located at the middle of molecule, 
should be much more tangled in comparison with the PEO segment when the 
temperature is increased. The PPO block is in much hydrophobic than PEO, so that they 
prefer to be dehydrated in the aqueous environment which results in them becoming 
more tangled, consequently PPO forms the core. Caccato et al.9 have reported the 
threading process of polypseudorotaxan between α-CD and PEG3350. From the paper the 
threading time does not change much (or is just slightly increased) up to the temperature 
range from 283 to 293 K which is equivalent to our Pluronic system below the CMT 
region. It intimates that PEO groups are not tangled enough to influence the formation 
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of polyrotaxan over that temperature range. Since F127 molecules consist of a high 
proportion of PEO, it is expected that even when the temperature is increased the shape 
of the PEO segments could stay essentially linear. Besides, the PEO blocks of triblock 
copolymer are selectively included by α-CD, while β-CD would exclusively include the 
PPO block.15 In a word, interactions between the PEO group and α-CD are more 
important than PPO/α-CD interaction. Therefore, it is speculated that the extent of 
tangle of the PPO segment can not be a major factor for the threading process between 
α-CD and Pluronic with a larger PEO segment. Summarizing these facts, it can be 
concluded that even when the temperature is altered below the CMT region, the 
formation process of polypseudorotaxans is not affected dramatically. The shape of 
spectra in which absorbance change is plotted against time below the CMT regions are 
similar, as are the threading times. 
    Secondly, when the temperature reaches the CMT region between 298 K and 303 
K, the thermal energy and consequently diffusion seems to be superior to the 
disadvantage of the shape of F127 because they are in the process of forming micelles. 
However, even though some micelles are formed, they may not be so hard (i.e. loosely 
packed)16,17 that it is easy to break them down when α-CD attacks to form inclusion 
complex. In short, the balance between thermal energy and the shape of F127 molecules 
in the CMT region is expected to be the most favorable condition to form 
polypseudorotaxan over the complete temperature range. 
    Next, when the temperature is increased to above the CMT region involving 
temperatures above 308 K, the higher the temperature, the harder the micelles will be 
(i.e. densely packed).16,17 Thus, it will be more difficult for the formed micelles to be 
broken down by α-CD, which will result in much longer threading times.  
    Furthermore, when the threading times for the α-CD and F127 system are 
compared with those for α-CD and F127/DPH system, it is revealed that DPH 
molecules can apparently operate as hindering materials for the threading. In Fig. 10, as 
time has passed the spectrum changes to a new equilibrium system F127/DPH (0.79 
mmol dm-3/4 × 10-3 mmol dm-3) solution. This is simply due to the result of breaking 
down of micelles because the new condition is in CMT region. Therefore, in the α-CD 
and F127/DPH system, it is predicted that DPH molecules would come out from the 
micelles gradually and locate into the cavity of α-CD. Also it should be pointed out that 
the time needed for DPH molecules to be released from the micelles (5400 s or more, 
from Fig. 10) is longer than the time needed to be incorporated into the core of the 
micelles (about 1200 s) at 298 K.17 This indicates that DPH molecules located in 
micelles can work as strengthening materials in the center, which will make it harder for 
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the micelles to be broken down. According to a past paper, no relaxation phenomenon is 
observed below about 0.0100 mol dm-3 α-CD, which might mean no aggregations are 
formed (they exist as monomeric).18 In the concentration used in the present research 
(62.9 mmol dm-3 after mixing), the size of the α-CD aggregates is estimated to be 
approximately 300 nm, which is much larger than the monomeric size.19 Thus, some 
DPH molecules should locate in the cavity of large α-CD aggregates after escaping from 
F127 micelles. To further investigate the complex formation between α-CD and DPH, 
several more experiments were carried out at different concentrations of α-CD. The time 
for incorporation was 60 s or less, and the process is clearly complicated. Results are 
shown in Fig. 9 and Table 3 (data were analyzed as first order rate constants using the 
Guggenheim method). If α-CD would exist as a monomeric structure, DPH should have 
a minimum effect on hindering the formation of the polypseudorotaxan. Because of the 
much lower concentration of DPH solution, it should be easy for F127 molecules to find 
alternative α-CD molecules where the internal cavity is not occupied by DPH molecule. 
However, α-CD exists as aggregates in practice, so that DPH might effectively prevent 
the penetration of α-CD molecules from F127 molecules. For these reasons, DPH 
molecules can appear to be very effective in interrupting the formation of 
polypseudorotaxan despite the concentration of DPH being much lower than that of 
α-CD and F127. 
    Above the CMT region, an alternative mechanism can be considered as follows. 
There is also evidence that the micelle becomes more compact with increasing 
temperature above the CMT.16 This may mean that it is more difficult for EO groups (at 
the micelle surface) to react with α-CD. This interpretation implies that α-CD interacts 
with the PEO while it is still part of the micelle above CMT region. 
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Figure 1. Schematic formation of polypseudorotaxan. 
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Figure 2. Chemical structure of Pluronic triblock copolymer. 
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Figure 3. Representative absorption spectra in solutions of F127 in the 
presence of 4 × 10-3 mmol dm-3 DPH at 303 K. 
(A) : 8.0 wt% F127 with DPH, 
(B) : 0.5 wt% F127 with DPH, 
(C) : 0.001 wt% F127 with DPH. 
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Figure 4. Plots of absorbance change vs logarithm concentration of F127 in 
the presence of 4 × 10-3 mmol dm-3 DPH at 303 K. 
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Figure 5. Absorbance change during the reaction between α-CD (62.9 
mmol dm-3) and F127 (0.79 mmol dm-3) at different temperatures. The 
absorbance spectra at 283 K and 293 K are not shown since these two are 
similar to that observed at 288 K. 
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Figure 6. Absorbance change during the reaction between α-CD (62.9 
mmol dm-3) and F127 (0.79 mmol dm-3) or F127/DPH (0.79 mmol dm-3/4 × 
10-3 mmol dm-3) at 298 K. 
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Figure 7. Threading time as a function of temperature during the reaction 
between α-CD (62.9 mmol dm-3) and F127 (0.79 mmol dm-3) at various 
temperatures. 
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Figure 8. Absorption spectra in the solutions of DPH (4 × 10-3 mmol dm-3), 
α-CD (62.9 mmol dm-3), and α-CD/DPH (62.9 mmol dm-3/4 × 10-3 mmol 
dm-3) at 298 K. 
(A) : DPH in dashed line, 
(B) : α-CD in dotted line, 
(C) : α-CD/DPH in solid line. 
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Figure 9. Absorbance change during the reaction between α-CD and DPH 
(4 × 10-3 mmol dm-3) at 298 K measured by stopped-flow method. 
(A) : 15.8 mmol dm-3 α-CD with DPH in dotted line, 
(B) : 31.7 mmol dm-3 α-CD with DPH in dashed line, 
(C) : 63.4 mmol dm-3 α-CD with DPH in solid line. 
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Figure 10. Time dependence of the absorption spectrum in the solution of 
F127/DPH (0.79 mmol dm-3/4 × 10-3 mmol dm-3) mixed with water 1 : 1 at 
298 K. In descending order, at 0 s, 900 s, 2400 s, and 5400 s. The dashed 
line shows the spectrum in the solution of F127/DPH (0.79 mmol dm-3/4 × 
10-3 mmol dm-3) prepared as originally. 
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TABLE 1: Comparison of CMC Values obtained by the Dye 
Solubilization Method 
Pluronic  T / K     CMCa / mmol dm-3    CMCb / mmol dm-3
F127  288    -          - 
293  3.325        3.174 
298  0.655        0.555 
303  0.224        0.079 
308  0.046        0.019 
 
a present work. b From ref 11. 
 
 
TABLE 2: Threading time for the system between α-CD (62.9 mmol 
dm-3) and F127 (0.79 mmol dm-3) or F127/DPH (0.79 mmol dm-3/4 × 
10-3 mmol dm-3) at different temperatures 
T / K  tth / s 
283  1045 
288  1055 
293  1065 
298   305  (1200)a
303   420 
308  2385  (7205)a
313  7010 
 
a tth for the α-CD and F127/DPH system. 
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TABLE 3: Rate constants, k, for the reaction between several 
concentrations of α-CD and 4 × 10-3 mmol dm-3 DPH at 298 K 
calculated using the Guggenheim method 
k / 102 s-1 ∆t / s a
15.7 mmol dm-3 α-CD system  9.88  18.0 
31.4 mmol dm-3 α-CD system  4.93  38.1 
62.9 mmol dm-3 α-CD system  6.11  30.5 
 
a ∆t calculations are approximately three times the half-life for each system. 
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